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Sammendrag på norsk 

 

Dette doktorgradsarbeidet har satt søkelys på begrenset ekkokardiografi og håndholdt ultralyd av 

ikke-eksperter for å forbedre diagnostikk og oppfølging av pasienter med hjertesvikt. Forekomsten av 

hjertesvikt er stadig stigende med befolkningsvekst og økende alder. Byrden for enkeltpasienter og 

helsevesenet relaterer til mange av sykehusinnleggelser, høye kostnader og økt dødelighet. Det er 

behov for å gjøre utredning og behandling mer strømlinjeformet og å utnytte helsepersonell som 

ikke er kardiologer slik at helsehjelpen blir mer tilgjengelig. Målet på sikt er å redusere belastende og 

lange reiser til sykehusene, senke kostnader og å gi trygg og god helsehjelp uavhengig av bosted.  

Den første delen av arbeidet har benyttet begrenset ekkokardiografisk undersøkelse gjennomført av 

kardiologiske sykepleiere med telemedisinsk tolkning fra ekstern kardiolog i en pasientgruppe med 

etablert hjertesvikt (studie I). Den andre delen har undersøkt fastlegers og sykepleiers nytte av 

fokusert, orienterende ultralydundersøkelse av hjertet med håndholdt ultralydutstyr, i tillegg til 

automatiske beslutningsverktøy i en pasientgruppe uten tidligere kjent hjertesvikt som er henvist for 

vurdering med tanke på hjertesvikt (studie II-IV). Beslutningsstøtten har inkludert automatiske 

målinger av venstre ventrikkels ejeksjonsfraksjon (autoEF) og mitralplanets langaksebevegelse 

(autoMAPSE), samt telemedisinsk overføring av bilder for vurdering av ekstern kardiolog med skriftlig 

tilbakemelding samme dag.  

Resultatene viser at slike metoder er gjennomførbare. Studie I viste sammenliknbare måleresultater 

med referanseundersøkelsene og at slike ultralydundersøkelser var gjennomførbare med rimelig 

tidsbruk hos selekterte pasienter. Studie II-IV viste at brukerstøtte med kunstig intelligens er 

gjennomførbart, samt at brukerne har klar diagnostisk nytte av å legge til ultralydundersøkelse av 

hjertet i vurdering av pasienter med mulig hjertesvikt og også av den telemedisinske vurderingen og 

tilbakemeldingen de fikk fra kardiologen. Studiene viste også gjennomgående at automatisk analyse 

av hjertefunksjonen med autoEF og autoMAPSE sviktet i mange tilfeller. Det manglende samsvaret 

med referanseundersøkelser kunne i liten grad forklares av dårlig bildekvalitet eller brukernes 

erfaring. Selv når disse målingene ble utført i ekspertenes opptak var måleresultatene upålitelige 

sammenliknet med referanseundersøkelse.  

Studiene er et skritt i rett retning for å øke tilgjengeligheten av mer nøyaktig og pålitelig 

hjertesviktdiagnostikk og oppfølging. Funnet av begrenset presisjon og nytte av de nyutviklede 

verktøyene for automatisk måling av hjertefunksjonen synliggjør videre behovet for grundig klinisk 

validering av alle nyskapende diagnostiske verktøy før de innføres rutinemessig inn i kliniske praksis. 
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Summary in English 
 

This thesis focused on the use of limited echocardiography and focused hand-held ultrasound 

examinations performed by non-experts to improve the diagnostics and follow-up of patients with 

heart failure. Increasing age in the population leads to a higher number of patients suffering from 

heart failure. The burden for the patients and the health care system includes frequent hospital 

admissions, increasing costs, as well as a high morbidity and high mortality. There is a need to 

improve the diagnostic and follow-up workflow, and utilizing non-expert health care personnel 

supported by technological advances may increase accessibility. The long-term goal is to provide high 

quality diagnostics at the patients’ point-of-care and reduce hospital admissions, patient 

transportation, and costs. 

In the study I, the agreement of limited echocardiographic ultrasound protocols performed by 

cardiac nurses in combination with telemedical interpretation by an external cardiologist compared 

to reference exams by an in-hospital cardiologists were evaluated on patients followed up due to 

heart failure. In the study II-IV, different aspects of focused cardiac ultrasound examinations by 

general practitioners and cardiac nurses using hand-held ultrasound devices combined with decision-

support software was explored. The latter studies evaluate the performance and clinical influence of 

hand-held ultrasound examinations by inexperienced users supported by automatic decision support 

software assessing left ventricular ejection fraction (autoEF) and the mitral annular plane systolic 

excursion (autoMAPSE) as well as telemedical image evaluation by an external cardiologist.   

Study I showed that limited echocardiography by nurses supported by telemedical interpretation 

could provide comparable results to the reference examination and was considered feasible with 

reasonable time spent on selected patients. Study II-IV concludes that the feasibility of hand-held 

ultrasound examinations and automated decision-support software was user dependent. The general 

practitioners can benefit from adding a focused ultrasound examination and from telemedical 

support from an expert when evaluating patients with potential heart failure. However, the 

automatic decision-support tools failed to give reliable outputs and was only to a small degree 

explained by image quality and the experience of the users. Even experienced cardiologist struggled 

to achieve reliable results. 

The results constitute a step in the right direction to increase accessibility to more precise and 

reliable heart failure diagnostics. The findings of modest feasibility, agreement, reliability, and clinical 

influence highlight the need for clinical validation of all novel technology before implementation into 

clinical practice, as well as refinement of the automated decision-support tools studied in this work.  
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Introduction 

 

Heart failure 

Definition and prevalence 

Heart failure (HF) is defined as a clinical syndrome, and not as a specific disease. The 

syndrome consists of symptoms and signs (shortness of breath, peripheral oedemas, fatigue, 

increased jugular venous pressure) caused by a structural or functional pathology of the 

heart, increased intracardiac pressure or reduced cardiac output. The objective findings are 

most often evaluated by echocardiography (1). Importantly HF can occur with or without 

reduced left ventricular (LV) ejection fraction (EF). The overall incidence of HF is increasing 

and is estimated to affect over 23 million people worldwide (2). A large population based 

study from the United Kingdom concluded that the burden of HF is as high as the four most 

common cancer types combined (3). HF is more common in the elderly population with a 

prevalence of about 1% below the age of 55 years increasing to >10% in patients over 70 

years (4). A study from 2013 states that over 1 million annual hospitalizations in the United 

States are related to HF (5). Despite current treatment options, morbidity and mortality are 

still high, and 25-50% of all HF patients hospitalized with decompensation are readmitted 

within six months (6, 7).  

 

Classification  

The common classification of HF in both guidelines and everyday clinic is to group the 

patients according to LV EF: HF with preserved EF corresponds to LV EF ≥50% (HFpEF), HF 

with mildly reduced EF  (HFmrEF; LV EF 41-49%), and HF with reduced EF (HFrEF; LV EF 

≤40%) (1, 8). The New York Heart Association (NYHA) functional score serves as a systematic 

approach to clinical signs and symptoms and is classified into four groups (Table 1). 

However, the NYHA classification has limitations and relies only on clinical symptoms which 

makes it a poor predictor of HF prognosis (9).  
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Table 1. New York Heart Association functional classification of clinical symptom severity. 

   Class I 
No limitation of physical activity. Ordinary physical activity does not cause undue 

breathlessness, fatigue, or palpitations. 

   Class II 
Slight limitation of physical activity. Comfortable at rest, but ordinary physical 

activity results in undue breathlessness, fatigue, or palpitations. 

   Class III 
Marked limitation of physical activity. Comfortable at rest, but less than ordinary 

activity results undue breathlessness, fatigue, or palpitations. 

   Class IV 
Unable to carry on any physical activity without discomfort. Symptoms at rest can 

be present. If any physical activity is undertaken, discomfort is increased. 

Table 1. The New York Heart Association functional classification of clinical symptom 

severity scale is the most used scale to evaluate heart failure patients’ severity of symptoms 

both at diagnosis and during follow-up (1). 

 

Aetiology and pathophysiology 

In developed countries HF is primarily caused by cardiovascular disease (e.g., coronary artery 

disease, hypertension, valvular heart disease, and arrhythmias) (10). Beyond structural 

changes of the myocardium related to these four specific comorbidities, cardiomyopathies 

(hypertrophic, dilated, arrhythmogenic, Takotsubo, peripartum, and toxic), congenital heart 

disease, infectious causes (viral or parasitic), drug-induced/toxic injury, infiltrative disease 

(amyloidosis, sarcoidosis), and storage diseases (hemochromatosis, Fabry’s disease, glycogen 

storage disease) are also important causes of HF. The cause may be extra-myocardial and 

related to diseases of e.g., the pericardium or neuromuscular disease as well.  

 

Diagnosing heart failure 

HF diagnosis can be challenging due to unspecific clinical findings and symptoms (shortness 

of breath, oedema, fatigue etc.) that can be misinterpreted as pulmonary or renal disorders. 

In everyday clinical practice non-experts are usually the first to see a patient with potential 

HF. Clinical signs combined with the traditional physical examination with auscultation, x-ray 

imaging and electrocardiograms are not sufficient for accurate diagnosis. The cornerstone of 

HF evaluation and diagnosis is echocardiography. Echocardiography is demands large 
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resources with limited availability outside specialized laboratories. N-terminal pro-Brain 

Natriuretic Peptide (NT-proBNP) has high sensitivity to detect HF, but only a moderate 

specificity and can therefore be used to safely rule out HF outside the specialist health care 

system (1). In a study by van Riet et.al. only 25% of patients >65 years with elevated NT-

proBNP and dyspnoea met the criteria for HF (11). Pleural effusion and the inferior caval vein 

(ICV) dimensions are parameters easily assessable by hand-held ultrasound devices (HUDs) 

as shown in a study where cardiac nurses performed a simple and very limited ultrasound 

examination to assess volume status in a HF population (12). Adding focused, point-of-care 

ultrasound examinations performed by inexperienced users can improve selection and the 

diagnostic precision of patients for specialist work-up when applied according to 

recommendations (12-14).  

 

Echocardiography and ultrasound in medicine  

History 

The Curie brothers discovered the piezoelectric effect in 1880, and throughout the 20th 

century ultrasound was applied to, amongst other, submarine navigation technology, 

industrial fishing and eventually medicine in the beginning of the 1940 (15). The Swedish 

cardiologist Inge Edler and nuclear physicist Hellmuth Hertz were the first to successfully 

image the motion of the heart by ultrasound in 1953 and are considered the “fathers of 

echocardiography” (16). The first commercially available ultrasound machine for medical 

purposes, a B-mode scanner, was launched in 1963. Since then, ultrasound has spread to 

most medical fields. Liv Hatle, working at the Regional Hospital of Trondheim and affiliated 

with the Norwegian University of Science and Technology (NTNU), was a pioneer within 

echocardiography and Doppler diagnostics exploring the pulsed wave and continuous wave 

Doppler modes (17). Several of the principles first shown by Hatle and colleagues are still 

widely used in the everyday clinic. After the invention of real-time two-dimensional imaging 

(1982) and colour Doppler imaging of blood blow (1984) echocardiography became a 

cornerstone in cardiac diagnostics. Since then, a multitude of diverse and refined techniques 

have been developed, and diagnostic ultrasound is now the most versatile method of 

imaging in medicine. Constant innovation has led to miniaturization of the apparatus into 
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affordable and highly portable pocked-sized devices which are more easily available to 

clinicians.  

 

Ultrasound 

Ultrasound utilizes high frequency, non-audible sound waves, usually with frequencies in the 

megahertz-range. It is non-ionizing and considered safe for diagnostic purpose (18). Its entry 

to the diagnostic armamentarium has provided a non-invasive option that is portable and 

allows for real-time diagnostics that was previously less accessible. Additionally, ultrasound 

can be used for treatment by allowing for higher energy output. Thus, to ensure that no 

harm is put to the patients due to thermal heating or mechanical stress of tissue during 

diagnostic imaging The Food and Drug Administration (FDA) has allowed the use of a 

maximal mechanical index of <1.9 and a maximal thermal index for <1.5 for almost all 

applications. It is widely accepted that there are no known harmful effects associated with 

properly applied use of diagnostic ultrasound based on clinical use for several decades. 

However, there is no such thing as zero risk, and the ALARA (as low as reasonably 

achievable) principle relate also to mechanical and thermal indices within diagnostic 

ultrasound (18).  

 

Echocardiography 

Echocardiography is the most comprehensive method for evaluation of cardiac structure and 

function by ultrasound. Cardiac structures are quantitatively and qualitatively evaluated 

during a comprehensive echocardiographic examination. The size and function of the (LV), 

left atrium (LA), right ventricle (RV), and right atrium (RA) are quantified in among others 

parasternal long- and short-axis views, apical four-chamber, two-chamber, and long-axis 

views. Additionally, colour Doppler, spectral Doppler, and tissue Doppler are used for 

evaluation of myocardial and valvular function. Cardiac function can also be assessed 

qualitatively based on visual evaluation of the recordings. 
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Hand-held ultrasound devices 

The need for easier access to ultrasound has led to the development of smaller, portable, 

but less sophisticated ultrasound machines called hand-held ultrasound devices (HUDs). The 

increasing availability of HUDs has transformed the way cardiac ultrasound is utilized from 

the exclusive examination by experts, to the wide range of use by non-experts. The 

miniaturization and easy-to-use interphase come at a cost of significant compromises with 

respect to available modalities and image quality compared to state-of-the-art 

echocardiographic equipment (19). Together, this adds challenges related to user 

experience, image interpretation, and clinical yield. HUDs allow clinicians immediate access 

to visualize organs in the acute or bedside setting in addition to the physical examination. 

The true advantage of the miniaturized devices is the portability and fit to the pocket of a lab 

coat. Primarily grayscale 2D-images are obtained, while colour Doppler is available on most 

HUDs. Spectral Doppler is usually not available which limits the quantitative ability to 

evaluate valvular pathology. Previously, several studies have shown good agreement for e.g., 

qualitative assessment of left ventricular function between novices and experts (20-23). A 

weakness of the HUDs is the lack of tools for quantification and objective measures which is 

desirable to reduce the subjectivity and operator-dependence.  

Since introduction of HUDs to the market in 2007 several vendors provide small, easy to use 

ultrasound scanners. One of the first successful devices was the VScan® developed in 

collaboration between GE Vingmed Ultrasound (Horten, Norway), NTNU and St. Olavs 

University hospital in Trondheim, Norway. Several vendors offer HUDs, but the Vscan® has 

been used in more cardiac studies and by users with more varying levels of experience than 

any other. Our research group has been one of the central groups in the evaluation of these 

devices (13, 24). It is currently one of a few HUDs that offer the addition of artificial 

intelligence to aid the user in assessing LV function by quantification of LV EF (LVivo EF® by 

DiA Imaging Analysis, Be'er Sheva, Israel) (25). 
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Image 1. Cardiac nurse performing hand-held ultrasound examination on patient. 

Image 1. A standard hand-held ultrasound 

examination at the nurse led heart failure clinic at 

Levanger Hospital. The patient is positioned in the 

standard left supine position. Both the patient and 

nurse have consented to the use of the image. 

©Karl Jørgen Mathisen/NTNU. 

 

 

Relevant challenges 

HUD technology is inferior to high-end ultrasound equipment and the operators often have 

limited experience. Examinations are often done in the emergency setting with time 

constraints or in other unfavourable settings, and complex cardiac pathology is evaluated in 

an unnuanced manner due to the “pathology/no pathology”-style of reporting (26). 

Technical hurdles must be overcome with ultrasound diagnostics, but patients also vary 

greatly in level of echogenicity. Ultrasound does not travel well through air, adipose tissue, 

and bones which leads to limited fields of view due to costae, air-filled lungs (aggravated by 

e.g., COPD and emphysema), obesity, and mammary hypertrophy. A moving organ such as 

the heart is harder to depict, and this is further complicated if cardiac arrythmias are present 

where the expected duration of a cardiac cycle will appear at random. This leads to beat-to-

beat variation in size and functional indices and adds challenges to both recording and 

interpretation.  

  

Training of personnel 

The clinical importance of ultrasound examinations depends on the competence and skill of 

the user (20, 22, 27). Adequate training of inexperienced personnel is mandatory to benefit 

from the diagnostic ultrasound examination. The American Society of Echocardiography 

defines three levels of echocardiographic training. Level I is an introductory level without 

sufficient experience to independently interpret results, level II allows for performing more 
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specialized care with independent interpretation under certain conditions, and level III 

requires additional training to acquire specialised skills and knowledge, interpretation and 

allows for training others (28). Training ultrasound-naïve personnel to perform focused 

echocardiographic protocols must be planned, limited, and within the scope of the device 

being used. Any training program should educate the user to a relevant and predetermined 

extent. It must be stressed that operators must be aware of their limitations and capacity. In 

the setting where a HUD is used only point-of-care ultrasonography (POCUS) and focused 

cardiac ultrasound (FoCUS) can be performed. PoCUS is defined as a goal-oriented, limited 

ultrasound examination, extending physical examination performed in any body structure 

and environment with a predefined limited protocol, where FoCUS is a specific type of PoCUS 

applied to the heart by an operator not necessarily trained in comprehensive 

echocardiography, but appropriately trained in FoCUS, usually responsible for decision 

making and/or treatment (13, 29). These are usually performed on a portable ultrasound 

system allowing for fast and cost-effective ultrasound assessments of patients by non-

experts outside dedicated ultrasound laboratories at the “point-of-care” (30). The 

recommendations for training with HUDs in various clinical settings have been standardized 

in a position paper published in 2019 that takes previous experience and the limitation of 

the HUDs into consideration (13). In summary, their recommendation is to adapt the scope 

of use to fit the situation, know the limitations, to use it as a supplement to the physical 

examination, and to train the users appropriately for the task at hand.  

 

Telemedicine 

Tele-communicational technology utilized in medicine, i.e., telemedicine, offers possibilities 

for long-distance contact, advice, education, intervention, and monitoring between patients, 

primary care physicians and experts. Such technology is particularly useful where the 

distance to the point-of-care is a critical factor to aid the diagnostic process and therapy. 

World-wide access through local area networks and wireless mobile telecommunication 

technology (3G/4G/5G) initiates the potential to utilize telemedicine. Telemedicine has been 

proven particularly helpful in scarcely populated areas with low accessibility to health care 

services, with the increasing elderly population being limited for travel, and e.g., in cases of 

social isolation as experienced during the COVID-19 pandemic (31-33). 
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Implementing telemedicine for image interpretation is common in the field of radiology to 

reduce the workload on local radiologists (32). So far, the tele-echocardiographic field has 

been scarcely explored. Tele-echocardiography was first implemented by paediatric 

cardiologists supporting physicians in remote areas (33). Telemedicine is not a part of 

routine HF follow up but if the personnel at site can perform echocardiographic or cardiac 

ultrasound recordings it could allow for the interpretation to take place or be supported by 

an expert at another location. The potential benefit for the cardiac patients and society can 

be a more precise diagnosis as well as reducing the burden of travelling with respect to cost 

and time.  

Dedicated software is necessary to ensure secure transfer of sensitive data in line with the 

Data Governance Act of 2020 (GDPR) and doctor-patient confidentiality. All software must 

be approved by the national Data Protection Authority (i.e., “Datatilsynet” in Norway). 

Several vendors offer various solutions paired and compatible with other analysing software 

to stream-line workflow and aid the clinicians at the point-of-care.  

 

Aims 

 

The overall aim was to study aspects of feasibility, reproducibility, accuracy, and clinical 

influence of HUD examinations and limited echocardiography for users with varying level of 

experience when supported by novel decision-support software as automatic quantification 

of LV function and telemedical interpretation by experts. 

 

Specific aims 

Study I 

To examine the feasibility and accuracy of tele-echocardiography in an outpatient HF clinic 

combining limited echocardiographic recordings by cardiac nurses and telemedical 

interpretation by an external cardiologist to improve diagnostics and care for HF patients. 
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Study II 

To study the feasibility and reliability of fully automatic quantification of LV function by 

general practitioners, cardiac nurses, and cardiologists using hand-held ultrasound devices. 

 

Study III 

To investigate the influence of operators’ experience on image quality of HUD recordings, 

and how pre-specified components of image quality influenced feasibility and reliability of 

the automatic quantification of LV size and function by HUDs. 

 

Study IV 

To explore the clinical influence of HUD examinations by general practitioners in patients 

with suspected heart failure as a stand-alone test and combined with the use of decision-

support software for fully automatic quantification of LV size and function as well as 

telemedical support by expert. 

 

 

 

Materials and methods 

Study populations 

 

Study I 

The population consisted of 50 consecutive patients included from the outpatient HF clinic at 

Levanger Hospital, Nord-Trøndelag Hospital Trust, Levanger, Norway (Figure 1). Patients willing to 

provide informed consent were included between October 2016 and February 2017 given they were 

≥18 years, had a known HF diagnosis and planned follow-up at the HF clinic.  
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Study II-IV 

Patients referred for cardiac examination at the outpatient clinic at Levanger Hospital were invited to 

participate. The referral notes were screened by two cardiology residents (Magelssen M and Hjorth-

Hansen A) from June 2018 to June 2020. Inclusion criteria were suspected HF based on the referral 

note. Exclusion criteria were age <18 years, known HF, and previous cardiac imaging within the last 

10 years. Of 185 invited, 170 accepted the invitation, four were later excluded due to withdrawal of 

consent (n=1), backpain (n=1), no show (n=1), and cognitive dysfunction (n=1). In total, 166 

participants were included in the study (Figure 1). The inclusion of patients was paused from March 

to June 2020 due to the COVID-19 pandemic.  

 

Figure 1. Overview of inclusion and exclusion of patients for both study populations. 

 

Figure 1. Overview of the study participants in population 1 (study I) and population 2 (study 

II-IV). All included participants consented to participation in the studies. 
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Study flow 

 

Figure 2. Overview of the key measurements and outline of all study papers. 

 

 

Figure 2. Outline of study flow illustrating the general content of the four studies including 

key measures, examinations and clinical decision making. Abbreviations: EDV; LV end-

diastolic volume, EF; ejection fraction, GP; general practitioner, HUD; hand-held ultrasound 

device, ICV; inferior caval vein, LAVI; indexed left atrial end-systolic volume, LV; left ventricle, 

MAPSE; mitral annular plane systolic excursion, TRV; tricuspid regurgitation peak velocity. 

 

Study I 

The participants were first examined by one of three cardiac nurses performing a limited 

echocardiographic examination. Immediately after the limited echocardiography the 

recordings were transferred by telemedicine for further analyses by an out-of-hospital 
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cardiologist (Figure 2). Telemedical interpretation was performed in near real-time 

categorizing the participants according to whether LV EF was reduced, mildly reduced, or 

preserved. Key measurements were analysed by the external cardiologist using only the 

presented recordings. Shortly after the initial limited echocardiography by the cardiac nurses 

one of four cardiologists or an experienced resident performed reference echocardiography 

blinded to the telemedical results for comparison.   

 

Study II and III 

Patients were examined by one of five GPs and by one of three cardiac nurses, representing 

the novice and intermediate experienced users, respectively. When examined by GPs the 

first diagnostic step included only a medical history and a clinical examination. The second 

step was focused cardiac ultrasound examination of the heart where the GPs visually 

interpreted their own recordings. For both GPs and cardiac nurses, the next examination 

steps were addition of the automatic decision-support software for evaluation of LV 

function, and lastly all images were automatically transferred to one of two out-of-hospital 

cardiologists by a secured telemedical system and electronic feedback of the cardiologists’ 

interpretation was provided. After the examinations by GPs and the cardiac nurses, a 

comprehensive reference echocardiography was performed by one of five internal 

cardiologists, representing the expert group. An additional HUD examination with recordings 

utilizing the automatic decision-support software was performed by the reference 

cardiologists for comparison. All examiners were blinded to the results of the others. Four to 

six patients were included on each of the 30 inclusion days. Due to logistical reasons, the 

first 29 patients were not examined with the HUD by the cardiologist.  

During preliminary analyses of the data, we detected an error in the autoEF software leading 

to the LVivo EF® applications (DiA Imaging Analysis, Be'er Sheva, Israel) revision by the 

vendor during the summer of 2019. In total 103 patients were analysed with the first version 

of the autoEF software and 63 patients with the revised version of the software.  

Study IV  

As described above and in Figure 2, the GPs considered whether the patients had HF and 

whether they should be referred to echocardiography after each step of the examination. 

The GPs did not have the opportunity to answer the question about further referral or not at 
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each step of the examination during the first day of inclusion, thus six patients were 

excluded from those analyses. 

 

Blood samples were drawn at the day of inclusion and analysed at the in-hospital accredited 

laboratory prior to examinations. Serum N-terminal pro-Brain Natriuretic Peptide (NT-pro-

BNP), serum creatinine and estimated glomerular filtration rate (eGFR), basic electrolytes 

and haemoglobin (Hb) were measured. New York Heart Association (NYHA) functional 

classification was scored, and anthropometric measures were collected (body weight (kg), 

body height (cm)) and blood pressure (mmHg) were measured. Electrocardiograms (ECGs) 

were taken. No further follow-up or ultrasound examinations of the participants was 

performed for research purposes during all studies. Due to regular delays at the laboratory 

not all laboratory test results were available prior to the GPs assessment. 

 

Training and education of personnel 

Study I 

The three specialized cardiac nurses who performed the limited echocardiographic 

examinations had 6-12 years of clinical experience from the HF outpatient clinic at Levanger 

Hospital and were previously trained in evaluating fluid status by ultrasound. The nurses 

were systematically trained one-on-one by specialists in cardiology with extensive 

experience in echocardiography and performed mean (range) 67 (47-97) limited 

echocardiographic examinations before start of inclusion.  

Three cardiologists and one experienced resident performed the reference 

echocardiographic examinations. They were all previously trained and skilled in 

echocardiography. No additional training was provided. 

 

Study II-IV 

The GPs included in the study were selected by the respective administrators of the 

municipalities of Verdal and Levanger. The study conductors therefore had no influence on 

the selection of GPs. In total, six GPs underwent training in focused cardiac ultrasound by 

HUDs. Only five participated in the study as one GP changed occupation during the study 
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period. Only one of the six had performed focused ultrasound examinations prior to training 

(n=7 examinations), and thus, the GPs represented the inexperienced users. Six in-hospital 

training days with one-to-one supervision by one of two residents experienced in focused 

cardiac ultrasound, and two evening lectures provided by cardiologists under a three-month 

training period was the entirety of the training protocol. In addition, they had the 

opportunity to use a personal HUD without supervision from the first day of training. They 

performed in total median (range) 46 (45-68) examinations prior to first inclusion whereof 

median (range) 10 (9-20) were unsupervised and 36 (31-43) were supervised. 

 

The same three cardiac nurses (study I) from the outpatient HF clinic represented the 

intermediate level users. They had experience from study I (14), as well as years of hands-on 

ultrasound experience from the same HF outpatient clinic (evaluation of pleural effusion, 

ICV, and clinical signs and symptoms in a HF patients). They had completed a total of median 

(range) 118 (74-221) limited echocardiographic examinations before patient inclusion in 

study II-IV. There was therefore no need for the cardiac nurses to undergo the same 

systematic training as the GPs. Approximately four weeks prior to inclusion they were 

instructed in how to initialize the automatic decision-support software for quantification of 

LV function on the HUD.  

 

Five cardiologists experienced in echocardiography represented the expert group. They were 

only instructed in how to initialize the automatic tools on the HUDs at the day of inclusion. 

No additional training was provided. 

 

Details of the ultrasound examinations 

Study I 

The cardiac nurses had access to medical history, keywords of previous echocardiographic 

exams, but no access to previous echocardiographic recordings. A Vivid 7 scanner (GE 

Ultrasound AS, Horten, Norway) was used. All recordings contained at least three cardiac 

cycles when appropriate. The views recorded were: parasternal long- and short-axis (with 

and without colour Doppler), three standard apical views (four-chamber, two-chamber and 

long-axis) with and without colour Doppler focusing on left ventricle (LV), left atrium and 
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right ventricle, respectively, pulsed-wave tissue Doppler with sample volume in the basal 

part of the septal and lateral walls (four-chamber), pulsed-wave Doppler recordings with the 

sampled volume at the tip of the mitral leaflets for mitral inflow and continuous wave 

Doppler through the aortic and tricuspid valves . The sub-costal view allowed for assessment 

of the ICV, including both the maximal and minimal dimensions by respiratory variation. 

Pleural cavities were assessed in the sitting position in the mid-clavicular and mid-axillary 

lines. If pleural effusion was present longitudinal and transverse images were recorded.  

 

One of the four experienced echocardiographers (three cardiologists and one experienced 

resident) performed the reference echocardiography immediately after the cardiac nurse’s 

examination. High-end ultrasound scanners were used (Vivid E9 or Vivid E95, both GE 

Ultrasound AS, Horten, Norway). The exams were comprehensive and included all the same 

recordings specified above for the nurses. At least three cardiac cycles were recorded for 

each specified recording. The sub-costal recording for assessment of the ICV (including both 

the maximal and minimal dimensions) included a quick inspiration (sniff). The pleural cavities 

were assessed in the mid-axillary and mid-clavicular lines as described above (34).  

The external cardiologists analysed the nurses’ recordings and the internal 

echocardiographers analysed their own recordings. The LV EF was calculated according to 

the biplane Simpsons method where the endocardial LV border were traced in end-diastole 

(LV EDV) and end-systole (LV ESV) in four- and two-chamber views. LV internal length was 

measured as the midline of the traces. LV EF was calculated. LV internal diameter and wall 

thickness were measured at the level of the tip of the mitral leaflets in two-dimensional grey 

scale parasternal long-axis view. The left atrial endocardial border was traced in end-systole 

in four-chamber and two-chamber views, the volume was calculated by the area-length (A-L) 

method, and subsequently indexed per square meter body surface area (LAVI). The left atrial 

appendage and pulmonary veins were not included in the traces. Mitral inflow peak early (E) 

and late (A) velocity, and early filling mitral deceleration time were measured in pulsed-wave 

Doppler recordings at the tip of the leaflets in the apical four-chamber view. Pulsed-wave 

tissue Doppler was used to assess mitral annular peak systolic (S’) and peak early diastolic 

(e’) longitudinal velocities. The early mitral inflow to the early diastolic mitral annular 

velocity ratio (E/e’) was calculated. Peak velocity through the tricuspid regurgitation (TR) was 



27 
 

measured by continuous Doppler. Based on the European Association of Cardiovascular 

Imaging and the American Society of Echocardiography recommendations LV filling pressure 

was estimated based on left atrial volume index (LAVI), e’, E/e’, and peak velocity of the TR 

as normal or elevated (35). In the case of pleural effusion, the amount of fluid was quantified 

as the distance from the diaphragm to the basal part of the lung.  

 

Study II-IV 

All patients underwent HUD examinations with VScan Extend by the three user groups, 

except for the first 29 patients where the cardiologist did not perform this exam. Reference 

echocardiography was performed using Vivid E9 or E95 scanners.  

The GPs had access to the referral, but not to hospital records or previous cardiac imaging. 

The scan-protocol included parasternal long- and short-axis views, apical four-chamber view, 

subcostal four-chamber view, evaluation of the ICV in the subcostal view with assessment of 

minimal and maximal dimensions, and assessment of the pleural cavities.  

The cardiac nurses had access to the same patient information as the GPs. They recorded 

parasternal long- and short-axis views, apical four-chamber view, apical two-chamber, apical 

long-axis views, right ventricular focused view, atrial focused recordings, subcostal four-

chamber view, and subcostal view for evaluation of the ICV in addition to assessment of the 

pleural cavities in the sitting position. The recording of the ICV included both the maximal 

and minimal dimension by including inspiration. Colour Doppler images of the mitral, aortic, 

and tricuspid valves was recorded.  

 

Reference cardiologists had full access to hospital records, referral notes, and previous 

imaging, and performed the reference echocardiography as previously described in study I 

(36). In addition, the reference cardiologist used the HUD for recording of four-chamber 

view with quantification by the automatic decisions-support software. 

 

Details of the telemedical technology 

Study I 
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Immediately after completion of the limited echocardiographic examination by the nurses a 

commercial software system, PaCentric® (Fimreite Software, Stavanger, Norway), installed 

on the Vivid 7 scanner and connected to the hospitals local area network was used to 

transfer the images. This software allowed for secure transmission of pseudonymized data 

for subsequent interpretation and reporting of the medical DICOM images per internet. 

PaCentric® is accredited (ISO 13485:2003) and certified (CE 0434), as well as FDA approved 

(FDA 510 k100837). Data exported to the PaCentric® server was downloaded by the external 

cardiologist and stored on a password protected laptop computer for analyses. Depending 

on the external cardiologist’s actual location fibreoptic cables, Asymmetric Digital Subscriber 

Line (ADSL) and wireless mobile network (3G and 4G) were used for data transfer. 

 

Study II-IV 

Pseudonymized HUD images were consecutively transferred without delay via the Tricefy™ 

cloud-based server (Trice Imaging Inc., CA, USA) software installed on the VScan Extend (GE 

Ultrasound AS, Horten, Norway). Tricefy is accredited (ISO 13485) and FDA approved (FDA 

3009831823) The images were downloaded to a password protected laptop computer 

and/or a stationary computer outside the outpatient clinic. All measurements were done in 

the EchoPAC, version 202 and 203 (GE Ultrasound). Feedback to the GPs were provided by 

pseudoanonymized standardized forms containing semi-quantitative grading and a written 

evaluation of key messages sent by e-mail consecutively throughout the day of inclusion.   

 

Details of the automatic decision-support tools  

For all HUD examinations live cine-loops of at least one cardiac cycle were recorded. Before 

storing of the four-chamber view cine-loop, the specific automatic decision-support software 

(autoEF or autoMAPSE) was launched on the HUD and performed the automatic analyses. 

The recording was repeated aiming for six recordings in total, three with autoEF and three 

with autoMAPSE. For both autoEF and autoMAPSE the four-chamber view cine-loop with the 

overlay of the tracking and results from the automatic algorithm was stored on the HUD and 

transferred without delay to the cloud-based server. 

AutoEF 
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The automatic measurements of LV volumes and subsequent calculation of LV EF was done 

using the commercially available LVivo EF® application (DiA Imaging Analysis). AutoEF 

provided fully automatic tracing of the endocardial border in the apical four-chamber view 

throughout the cardiac cycle. LV volumes were estimated in end-diastole and end-systole. LV 

EF was calculated from the volume estimates. More specific details on the software was not 

made available by the vendor.  

 

AutoMAPSE 

MAPSE was estimated by an automated algorithm tracking the mitral annular septal and 

lateral points (autoMAPSE) using an LV model. Briefly, a Real-time Contour Tracking Library 

(RCTL) processed and tracked the LV movement in images (GE, Vingmed, Norway) using a 

non-uniform rational B-spline model (37). Further, the septal and lateral points of the mitral 

annulus were retrieved from the RCTL. The array of points located the maximum 

displacement of the mitral annular plane. MAPSE was calculated automatically as the mean 

and specific displacement of the septal and lateral mitral annular points. More extensive 

technical details of the method is described in a previous paper (38). 

 

Image 2. Recordings with automatic left 

ventricular ejection fraction and 

automatic mitral annular plane systolic 

excursion measurement overlay on hand-

held ultrasound device. 

Image 2. Examples of autoEF in A) end-

diastole and B) end-systole, and 

autoMAPSE in C) end-diastole and D) 

end-systole. Abbreviations: autoEF; 

automatic measurement of left 

ventricular ejection fraction, autoMAPSE; 

automatic measurement of mitral annular plane systolic excursion, EDV; end-diastolic 

volume, ESV; end-systolic volume, EF; left ventricular ejection fraction.  
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Outcome measures  

 

Table 2. Central outcome measures for study I-IV. 

  Central outcomes Comment 

Study I 
LV/LA size, functional indices,  
Doppler, IVC, HF category 

Tele-echocardiography vs. reference 

Study II LV EF, EDV, MAPSE, image score 
Non-expert users using HUD with decision- 
support vs. reference 

Study III LV EF, EDV, MAPSE, image score 
The effect of user experience and image  
quality on autoEF and autoMAPSE  
performance by all users 

Study IV HF diagnosis 
Influence of HUD with decision support on  
HF diagnosis 

 

Table 2. A brief overview of central outcome measures for the four studies. Supplementary 

table to Figure 2. Abbreviations: autoEF; automatic measurement of left ventricular ejection 

fraction, autoMAPSE; automatic measurement of mitral annular plane systolic excursion, 

EDV, left ventricular end-diastolic volume; EF, ejection fraction; HF, heart failure; HUD, hand-

held ultrasound; ICV, inferior caval vein; LA, left atrium; LV, left ventricle; MAPSE, mitral 

annular plane systolic excursion. 

  

Image quality was evaluated by one external cardiologist on all HUD recordings with applied 

automatic decision-support software. The cardiologist was blinded to details of the operator 

and patient but had access to the referral prior to the evaluation (39-41). The evaluation 

took the image quality and performance of the software into account. Image quality was 

quantified by a predefined five category score (Table 3). The mean score was applied to 

represent the average image quality per recording. In addition, both automatic decision-

support software were given an individual evaluation whether they could be recommended 

for clinical use or not. This was based on 1) the image quality scores, 2) the tracking of the 

endocardial border (autoEF) or the mitral annular points (autoMAPSE) and 3) the overall 

performance combined with the numerical output of both algorithms. Further, this was 

scored as: 1, discard (not for clinical use); 2, accept, but needs adjustment to fit the clinical 

context due to suboptimal performance of the software; 3, accept result as it is.  
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Table 3. Image quality score for recordings with automatic decision support software. 

Score value 0 1 2 3 4 5 6 

4Ch 
  2Ch, 

ALAX or 
others 

  5Ch or 
posterior 

4Ch 

    
4Ch 

LV alignment  ≥45°  
  30-

44°  
  

15-29°  
  

<15° 

Mispositioning  
of apex 

    ≥15 
mm 

  
<15mm 

  
None  

Mitral annular  
assessment 

  
Not 

judgeable 
Poor Fair Good 

Near 
excellent 

Excellent 

Number of visible                                       
endocardial  
segments 

 

One Two Three Four Five Six   

 

Table 3. The prespecified image quality score parameters and the numerical score values in 

table format as previously described. Abbreviations: 2Ch, two-chamber view; 4Ch, four-

chamber view; 5Ch, five-chamber view; ALAX, apical long-axis view; LV, left ventricular,  

 

Statistical analyses 

Sample size was estimated by Sample Power (SPSS, Inc., Chicago, IL, USA). In study I, a 

relative error of 15% (absolute 5%) in LV EF provided a sample size of 48. For all the 

described tests 50 to 70 participants provided adequate power to detect a clinically 

meaningful difference (relative error of 15%). In study II-IV the power calculations provided a 

need for 104 patients, but the sample size was expanded to 150 to account for the likelihood 

of few patients with pathological findings. During study II-IV, preliminary analyses indicated 

an error in the autoEF algorithm leading to adjustment of the sample size to 170 patients to 

account for the software upgrade.  

Categorical data were reported as frequencies and percentages. Normality was evaluated by 

histograms and normality plots. Continuous variables are presented as mean ± SD or as 

median (interquartile range) in case of skewed data. Proportions were analysed by Chi-

square test and Fisher’s exact test when appropriate. Comparison of means were tested by 

paired t-tests, Student’s t-test, or Wilcoxon test when appropriate. A p-value <0.05 was 
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considered statistically significant. All statistical analyses were performed using IBM SPSS 

Statistics, version 26, 27 and 28 (SPSS Inc, Chicago, IL, USA) and Microsoft® ExCel®.  

 

Study I 

The agreement of the telemedical approach and reference was tested by Bland-Altman 

statistics, coefficient of variation and Pearson’s correlation coefficient. Weighted kappa was 

used to classify agreement with respect to correct HF. Sensitivity and specificity, negative 

and positive predictive values was used to assess semi-quantitative data. Logistic regression 

was used to evaluate the association of HF type with correct classification of LV filling 

pressures. 

 

Study II 

ANOVA with post-hoc LSD correction was used for comparison between groups. The 

performance was judged as feasible if the user was able to acquire the image and run the 

algorithm combined with score ≥2 for automatic decision-support software’s performance 

(accept results with or without changes) by the blinded cardiologist. Reliability was 

evaluated by intraclass correlations (ICC) where values <0.5 were considered poor, 0.5-0.75 

moderate, 0.75-0.9 good, and >0.9 excellent (38). The intra-rater reliability of the automated 

decision-support software was calculated in the single-measurement dataset by a two-way 

mixed model defined by absolute agreement. The inter-rater reliability was calculated with a 

two-way random model defined by absolute agreement in the dataset of average 

measurements by HUDs analysed by all groups (GPs, cardiac nurses, and cardiologists) 

compared to reference. Agreement with the reference examination was evaluated by 

coefficients of variation, coefficient of repeatability indicating the minimal detectable 

change, and Bland-Altman statistics. 

 

Study III 

Comparison of paired nominal data was done by McNemar’s test. Differences between 

groups was analysed by repeated measure ANOVA with post-hoc Bonferroni correction.  

Logistic regression and general linear models were used as appropriate to evaluate the 
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influence of the different image quality parameters for performance of the automatic 

decision-making software. The importance of image quality on the feasibility and agreement 

with reference was evaluated first on the whole dataset of images from all users, and 

subsequently within the separate user groups. Agreement with reference was tested at the 

level of all available automatic measurements. The maximal difference in measurements of 

autoEF, autoMAPSE, and image quality scores were used to test the importance of the 

different image quality categories for the within-patient reliability. These analyses were also 

performed for the dataset as a whole and within user groups.   

 

Study IV 

Net reclassification improvement (NRI) was used as an indicator of the clinical gain of HUD 

examinations with and without decision-support software. NRI was evaluated at each step 

from HUD examination without user support through the different modes of support. In 

other words, NRI quantified whether the use of HUDs with or without supporting tools 

improved the correct classification of patients to disease (heart failure) or no disease (not 

heart failure) (42). NRI combines NRI event and NRI non-event. NRI event shows the net 

proportion of correct HF diagnosis reclassification in those with the event (i.e., HF stated by 

reference examination) and NRI non-event shows the net proportion of correct no-HF 

diagnosis reclassification (in those without events). The sum of the net proportions of 

correct reclassification with and without the event is the overall NRI. The agreement 

between the stages of evaluation was treated as paired nominal data and calculated by 

McNemar’s test. The positive predictive value (PPV) was calculated as the true positive test 

results divided by the true positive in addition to the false positive test results. Similarly, the 

negative predictive value (NPV) was calculated as the true negative results divided by the 

true negative in addition to the false negative test results, respectively. 

 

Ethics 

There are no harmful effects of diagnostic ultrasound when properly applied for medical 

diagnostic purposes. When inexperienced users perform complex examinations with limited 

diagnostics training errors and overdiagnosis is inevitable. However, the overall results of 
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adding ultrasound to the inexperienced clinician’s assessment potentially leads to less errors 

in diagnosis, faster and more precise treatment (12, 21, 23, 43). No compromises on behalf 

of the patients during diagnostic work-up were made as all were examined with a thorough 

clinical evaluation and comprehensive echocardiography by experts (reference examination). 

All participants gave their informed, written consent prior to inclusion. All data were handled 

confidentially and according to data protection regulations utilizing data minimizing 

strategies. Cardiac images were stored in the in-hospital imaging archive according to health 

care regulations. All participants were given a study identification number as ultrasound 

recordings were transferred and analysed on a limited number of computers secured by 

passwords. The coupling code was stored on the hospitals secure server separated from the 

data material. At the end of December 2027, the key to personal identification will be 

deleted and data will be anonymized. The study was performed in conformity with the 

Declaration of Helsinki. The studies were approved by the Regional Committee for Medical 

and Health Research Ethics (study I; REK 2015/2312, study II-IV; REK 2017/2054), by Nord-

Trøndelag Health Trust, and registered in the ClinicalTrial.gov database (study I; 

NCT02936050, study II-IV; NCT03547076). 

 

Results 

 

Patient population 1 and 2 

Population 1 consisted of previously diagnosed HF patients, while Population 2 was referred 

due to suspected HF. For both populations the median age was approximately 70 years and 

women and men were equally represented. Overweight/obesity, reduced renal function, 

and atrial fibrillation was common in both populations. Table 4 shows the baseline 

characteristics of both study populations. 
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Table 4. Baseline characteristics of the study populations.  

  
Population 1 Population 2 

Study I Study II-IV 

Number 50 166 

Age (years) 70 (74-85) # 73 (63-78) 

Women, n (%) 23 (46) 78 (47) 

BMI (kg/m2) 25.5 ± 5.3 28.7 ± 5.3 

Systolic blood pressure (mmHg) 131 ± 22 150 ± 22 

Diastolic blood pressure (mmHg) 76 ± 11 83 ± 11 

NT-proBNP (ng/L) 1881 (918-6090) # 295 (66-864) 

eGFR (mL/min/1.73m2) * 40 (25-54) # 89 (68-109) 

NYHA functional class      

    I, n (%) 12 (24) 63 (37) 

    II, n (%) 25 (50) 80 (47) 

    III, n (%) 7 (14) 12 (7) 

    IV, n (%) 1 (2) 1 (1) 

Atrial fibrillation, n (%)  24 (48) 49 (29) 

Diuretics, n (%) 42 (84) 41 (25) 

Beta-blocker, n (%) 40 (80) 51 (31) 

ACEI/ARB, n (%) 18 (36) 32 (19) 

COPD/asthma, n (%)   26 (16) 

Diabetes mellitus type 2, n (%)   23 (14) 

Coronary artery disease, n (%)   19 (11) 

Haemoglobin (g/dL)   14.4 ± 1.5 

 

Table 4. Normally distributed data are expressed as mean ± SD, non-normally distributed 

data as median (interquartile range), and n (%) where appropriate. *Cockcroft-Gault 

equation. # Values have been recalculated compared to original publication as they deviated 

somewhat from normal distribution and is now shown as median (interquartile range). A 

comment to the editor was sent regarding the correction. Abbreviations: ACEI, angiotensin-

converting enzyme inhibitor; ARB, angiotensin II receptor blocker; BMI, body mass index; NT-

Pro-BNP, N-terminal pro B-type natriuretic peptide; eGFR, estimated glomerular filtration 

rate; COPD, chronic obstructive pulmonary disease; NYHA, New York Heart Association.  
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Study I 

Feasibility of tele-echocardiography 

The time used for the complete examination by the cardiac nurses, transfer of data, and 

finalizing of the report was mean ± SD 1.32 ± 0.36 hours. The corresponding time used only 

for the acquisition of the recordings was 0.48 ± 0.25 hours. Complications in transfer was 

mainly due to computer crashes and downloading issues. The feasibility was high for most 

measurements by both the telemedical approach and the reference examination (Figure 3).  

 

Figure 3. Feasibility of echocardiographic parameters in study I 

 

Figure 3. Feasibility of key measurements comparing the tele-echocardiographic method 

with recordings of cardiac nurse recordings interpreted by external cardiologist (blue), 

versus results from reference echocardiography (green). Abbreviations: LVEDV, left 

ventricular end-diastolic volume; LV EF, left ventricular ejection fraction; LVIDd, left 

ventricular end-diastolic internal diameter; LAESVI, indexed left atrial end-systolic volume 

index; E, mitral early diastolic velocity; e’, mitral annular early diastolic velocity; S’, mitral 

annular systolic velocity; E/A ratio, mitral E/A ratio; E/e’ ratio, mitral E/e’ ratio; TRV, tricuspid 

regurgitation peak velocity; LVEDL, Left ventricular end-diastolic length; LALs, Left atrial end-

systolic length; IVSd, Interventricular septum end-diastolic length; LVPWs, Left ventricular 

end-systolic posterior wall thickness. 
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Agreement with reference 

Table 5 shows the comparison of the different echocardiographic measurements by the 

telemedical approach and the reference cardiologists. Figure 4 illustrates the agreement 

between the telemedical approach and reference for selected measurements. 

 

Table 5. Echocardiographic indices by the telemedical approach and reference cardiologist. 

  
Ntele / 
Nref 

Telemedical 
approach, 
mean (SD) 

Reference 
echocardiography, 

mean (SD) 

p-value for 
difference 

LV end-diastolic volume (ml) 48 / 49 113 (39) 115 (49) 0.382 

LV ejection fraction (%) 48 / 50 42 (12) 43 (11) 0.395 

LV internal end-diastolic  
diameter (mm) 

49 / 50 49 (8) 52 (10) <0.001 

LA end-systolic volume index  
(ml/m2) 

48# / 48 62 (19) 61 (22) 0.689 

Mitral early diastolic velocity  
(cm/s) 

48 / 50 85 (41) 84 (41) 0.544 

Mitral annular early diastolic  
velocity (cm/s) * 

50 / 48 6.1 (2.3) 5.7 (2.3) 0.052 

Mitral annular systolic  
velocity (cm/s) * 

50 / 48 4.8 (1.3) 4.8 (1.3) 0.621 

Mitral E/A ratio 28 / 28 1.67 (1.22) 1.43 (0.91) 0.177 

E/e’ ratio * 48 / 48 16.9 (12.3) 15.9 (11.4) 0.562 

Tricuspid regurgitation peak  
velocity (m/s) 

32 / 41 2.65 (0.57) 2.79 (0.46) 0.018 

LV end-diastolic length (mm) 48 / 50 84 (8) 79 (9) <0.001 

LA end-systolic length, 4Ch (mm) 49/ 49 6.2 (0.9) 6.2 (0.9) 0.641 

IVS end-diastolic thickness (mm) 49 / 48 11.1 (3.0) 10.3 (2.7) 0.164 

LV posterior wall end-diastolic  
thickness (mm) 

49 / 49 11.1 (2.9) 10.2 (2.9) 0.013 

 

Table 5. Comparison of echocardiographic measurements by the telemedical approach 

compared to reference measurements. *Mean of peak septal and lateral mitral annular 

velocities by pulsed-wave tissue Doppler. LV and LA lengths are mean of measurements from 

four- and two-chamber views. #The number differs from the original publication due to 
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typing error and notice is sent to the Editor. Abbreviations: 4Ch, four-chamber view; E/A, 

early to late diastolic mitral inflow velocity; E/e’, early diastolic mitral inflow velocity to 

mitral annular velocity. Ntele; number of recordings available for telemedical evaluation, Nref; 

number of recordings available for reference evaluation. With permission from Journal of 

Ultrasound in Medicine under CC BY-NC license. 

 

Figure 4. Agreement between methods illustrated in Bland-Altman plots of selected 

echocardiographic measures. 

 

 

Figure 4. Agreement between the telemedical approach and reference echocardiography 

visualized by Bland-Altman plots of A) LV EF (%), B) LAVI (ml/m2), C) E/e’-ratio and D) TR 

max P. The differences of the respective measures are plotted against the difference in 

the means of the measures. Abbreviations: LVEF, left ventricular ejection fraction; LAVI, 

left atrial volume index; E/e’, mitral early diastolic inflow velocity to mitral annular early; 

TR max P, tricuspid regurgitation maximal pressure gradient. With permission from 

Journal of Ultrasound in Medicine under CC BY-NC license. 
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For the central measurements highlighted in Figure 4, the coefficients of variation ranged 

from to 6% to 15% and the biases were close to zero. There was no significant relation of the 

errors and the magnitude of the measurements. All echocardiographic measurements (Table 

5) showed high correlations (r ≥0.71, p ≤0.007), except for wall thickness (interventricular 

septum and the posterior wall, with r 0.60 to 0.62, both p ≤0.03). The outliers shown in 

Figure 4 were mainly found in patients with severe cardiac pathology. Whether sub-optimal 

recordings by either group explain the differences within these cases are unknown.  

 

Classification of HF according to LV EF showed substantial agreement between tele-

echocardiography and reference (weighted kappa 0.73, p<0.001). No patients were 

misclassified between HFrEF and HFpEF. Correspondingly, 17 misclassifications between 

HFmrEF and HFrEF or HFpEF was found.  

 

LV filling pressure was determined by tele-echocardiography in 39 cases and reference 

echocardiography in 41 cases. Figure 5 shows details of the 31 cases where the LV filling 

pressures were determined by both approaches. Disagreement between tele-

echocardiography and reference was found in 7 cases, and among these HFpEF and HFmrEF 

were more prevalent.  

 

Figure 5. Agreement between telemedical approach and reference for estimation of left 

ventricular filling pressures. 

Figure 5. Under, equal and over 

refers to the telemedical 

classification of LV filling 

pressure compared to the 

reference echocardiography, 

where under indicates normal 

filling pressure by the 

telemedical approach and 

elevated filling pressure by reference, etc.  With permission from Journal of Ultrasound 

in Medicine under CC BY-NC license. 
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Estimation of valvular pathology was done semi-quantitatively in a sub-analysis and was not 

a specific aim of the study. The telemedical approach detected at least moderate mitral 

stenosis, mitral regurgitation, and tricuspid regurgitation with a sensitivity of 100% and 

specificity of ≥95%. For detection of at least moderate aortic stenosis the sensitivity was 

lower (43%) but still with excellent specificity (97%). Moderate to severe valvular pathology 

was present only in a limited proportion of patients (mitral stenosis 4%, aortic stenosis 8%, 

mitral regurgitation 2%, tricuspid regurgitation 6%). 

 

Study II  

Feasibility 

The time used for the focused cardiac ultrasound examinations was on average 18 ± 7 min 

for novices and 23 ± 7 min for the intermediate group. The time used for the six recordings 

with the automatic decision-support software was 4.6 ± 2.3 min, 3.3 min ± 1.9 min and 2.3 ± 

1.3 min for the novices, intermediate group, and experts, respectively. 

Figure 6 shows the proportion of successful recordings of four-chamber images with autoEF 

and autoMAPSE overlays by the three user groups and the corresponding feasibility defined 

as successful recordings of a four-chamber image with the automatic decision-support 

software overlay scored as acceptable for use (score ≥2) in the image analyses by external 

blinded cardiologist. There were significant differences between the groups where the best 

results were found in the most experienced users, and the differences were more 

pronounced when only considering the recordings accepted for use (score ≥2). These 

findings were consistent for both autoEF and autoMAPSE (all p≤0.001). With respect to the 

two versions of the autoEF algorithm the feasibility improved after the revision for all groups 

ranging from 41% to 68% for novices and from 77% to 91% for experts (Table 6). 
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Figure 6. Percentage of exams with autoEF and autoMAPSE recordings in the whole 

population and the sub-population with measurements accepted for use. 

 

 

Figure 6. Blue coloured columns refer to autoEF and autoMAPSE recordings irrespective of 

whether they were recommended for use by the blinded analyses by the external 

cardiologist. Similarly, green coloured columns refer to the recordings accepted for use 

(score ≥2 in the blinded analyses). Abbreviations: AutoEF, automatic measurement of left 

ventricular ejection fraction; AutoMAPSE, automatic measurement of mitral annular plane 

systolic excursion. With permission from BMJ Open under CC BY-NC license. 

 

Table 6. Feasibility of image recording with automatic decision-support software on hand-

held ultrasound devices. 

  Hand-held ultrasound operators 

  General practitioners Cardiac nurses  Cardiologists 

AutoEF, all patients 205/400 (51%) 296/442 (67%) 298/357 (84%) 

AutoEF, first software version 100/246 (41%) 149/270 (55%) 148/193 (77%) 

AutoEF, revised software version 105/154 (68%) 147/172 (85%) 150/164 (91%) 

AutoMAPSE, all patients 248/471 (53%) 335/467 (72%) 333/391 (85%) 
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Table 6. Data are presented as numbers of feasible/available recordings (percent feasibility) 

according to user groups and decision-support software. A feasible recording was defined as 

score of ≥2 (i.e., accepted with or without need for adjustments in blinded evaluation by the 

external cardiologist). Abbreviations: AutoEF, automatic measurement of left ventricular 

ejection fraction; AutoMAPSE, automatic measurement of mitral annular plane systolic 

excursion. With permission from BMJ Open under CC BY-NC license. 

 

Agreement and reliability 

Table 7 and figures 7 and 8 show the agreement of the automatic decision-support software 

by the different users compared to reference. The agreement between the automatic 

decision-support software and reference was poor too modest for all user groups, even 

though, as for feasibility, a similar gradient across user groups was found. This is shown by 

the large coefficients of variation and coefficients of repeatability. The differences between 

operators were modest. For autoEF the minimal detectable change (calculated from the 

coefficients of repeatability) ranged 24.2-21.5%, and the corresponding values for 

autoMAPSE were 5.0-4.1 mm, respectively. After revision of the autoEF software the 

minimal detectable change improved slightly but remained around 20%.   

The agreement was poor to moderate overall. There was no association of the size of the 

measurement, but the limits of agreement were narrower for the experts.  
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Table 7. Agreement of left ventricular function measurements by automatic decision-

support software and reference by user groups.  

  Hand-held ultrasound operator 

  

General 
practitioners 

Cardiac 
nurses  

Cardiologist  
Reference 

echocardiography 

Mean and agreement, autoEF (all recordings) 

  Mean (SD), %* 51.7 (10.1) 52.9 (9.6) 53.3 (9.5) 53.4 (10.1) 

  Coefficient of 
variation, % 

 15.4  13.3  12.0 - 

  Coefficient of 
repeatability, %* 

 24.0  24.2  21.5 - 

Mean and agreement, autoEF (first software version, n=107) 

  Mean (SD), %* 52.6 (11.6) 54.2 (10.3) 55.0 (10.4) 53.5 (10.0) 

  Coefficient of 
variation, % 

 14.8  13.5  11.2 - 

  Coefficient of 
repeatability, %* 

 24.7  24.6  21.4 - 

Mean and agreement, autoEF (revised software version, n=63) 

  Mean (SD), %* 50.8 (8.4) 51.0 (8.3) 51.6 (8.1) 54.7 (9.6) 

  Coefficient of 
variation, % 

16.0  13.1  12.9 - 

  Coefficient of 
repeatability, %* 

 20.6  20.6  19.8 - 

Mean and agreement, autoMAPSE (all patients) 

  Mean (SD), mm 9.8 (2.4) 10.1 (2.6) 10.2 (2.5) 11.4 (2.9) 

  Coefficient of 
variation, % 

 24.3  20.5  18.9 - 

  Coefficient of 
repeatability, mm 

 5.0  4.8  4.1 - 

 

Table 7. The presented data relate to analyses utilizing all available feasible measurements in 

images recorded by GPs, cardiac nurses, and cardiologists compared to the reference 

measurements. *%-points. Abbreviations: autoEF, automatic measurement of left ventricular 

ejection fraction; autoMAPSE, automatic measurement of mitral annular plane systolic 

excursion; GP, general practitioner. With permission from BMJ Open under CC BY-NC license. 
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Figure 7. Bland-Altman plots of the agreement between HUD and reference by user groups 

in all available measurements. 

 Figure 7. Bland-

Altman plots for 

autoEF (upper plots) 

and autoMAPSE 

(lower plots) by GPs 

(left), RCNs (middle), 

and cardiologists 

(right) with no 

restriction to 

whether the automatic measurement was judged as feasible. Abbreviations; Card, 

cardiologist; EF, left ventricular ejection fraction; GP, general practitioner; MAPSE, mitral 

annular plane systolic excursion; RCN, registered cardiac nurse. With permission from BMJ 

Open under CC BY-NC license. 

 

Figure 8. Bland-Altman plots of the agreement between HUD and reference by user groups 

in measurements judged as feasible. 

Figure 8. 

Presentation and 

abbreviations as in 

Figure 7 except that 

only measurements 

classified as feasible. 

With permission from 

BMJ Open under CC 

BY-NC license. 

 

Intra-rater ICCs were moderate for all user groups (<0.75) except for autoMAPSE by the 

intermediate group and experts (≥0.83) shown in Table 8. The intra-rater ICC was as 
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expected highest for experts for both automatic decision-support software. The inter-rater 

ICC was poor (≤0.51) for all users for both autoEF and autoMAPSE, ranging 0.43 to 0.51 for 

autoEF, and 0.35 to 0.51 for autoMAPSE for all three user groups. 

 

Table 8. Intra- and inter-rater reliability of automatic measurements of left ventricular 

function by hand-held ultrasound devices according to operator. 

  
Hand-held ultrasound operator 

  
General 

practitioners 
Cardiac nurses  Cardiologist 

Intra-rater ICC 

AutoEF  0.58* 0.51 0.72 

AutoMAPSE 0.70* 0.85 0.83 

Inter-rater ICC 

AutoEF  0.44 0.43 0.51 

AutoMAPSE 0.35 0.44 0.51 

  

Table 8. *Intraclass correlation was calculated with only two repeated measures as only 38 

and 50 patients examined by the GPs had three repeated measures of autoEF and 

autoMAPSE, respectively. Abbreviations: autoEF; automatic measurement of left ventricular 

ejection fraction, autoMAPSE; automatic measurement of mitral annular plane systolic 

excursion, GP; general practitioner, ICC; intraclass correlation. With permission from BMJ 

Open under CC BY-NC license. 

 

Agreement between two external cardiologists’ evaluation of images 

A second blinded external cardiologist evaluated a random sample of 771 images (548 with 

autoEF and 174 with autoMAPSE) and scored them as described previously. The agreement 

between the cardiologist was good with mean ± SD average scores by the second/first 

cardiologists 3.5 ± 0.9/3.3 ± 1.2 in GPs’ recordings, 4.0 ± 0.9/4.0 ± 1.6 in nurses’ recordings, 

and 4.5 ± 0.8/4.5 ± 1.4 in the cardiologists’ recordings, respectively. Using image quality 

scores by the second cardiologist did not alter the results (data not shown).  
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Study III 

Feasibility and image quality 

Image quality was assessed in 2543 images (Table 9). There was a gradient across user 

groups for averaged and specific image quality scores being highest for experts and lowest 

for the novices. This finding was constituent across images recorded for both automatic 

decision-support software. The subcategories of LV alignment showed the highest image 

quality score, while the mitral annular assessment showed lowest, with the same gradient 

across user groups for both autoEF and autoMAPSE recordings.  

In univariate logistic regression analyses including all recordings independent of user groups 

we found that the five prespecified image quality parameter scores and the average score 

were associated with the feasibility for both automatic decision-support software (all 

p<0.001). The feasibility of autoEF was significantly associated with all five prespecified 

image score parameters in multivariate analyses (all p <0.001, except four chamber view 

(p=0.02)). For autoMAPSE two prespecified parameters were not associated with the 

feasibility (mispositioning of apex (p=0.94) and number of visible LV endocardial segments 

(p=0.06)), while the others showed significant association (four-chamber view; p=0.046, 

others p <0.001).  

 

Table 9. All recordings of both automatic decision-support software per user and the 

average scores per parameter. 

AutoEF 

  

General 
practitioners 

Cardiac 
nurses 

Cardiologists 

Images, n 403 445 360 

Total average score 3.7 ± 0.9 4.2 ± 0.9 4.8 ± 0.8 

Four-chamber view  3.9 ± 1.7 4.7 ± 1.7 5.1 ± 1.5 

LV alignment  4.7 ± 1.3 5.5 ± 1.0 5.6 ± 0.8 

Mispositioning of apex  3.6 ± 1.5 3.9 ± 1.5 4.5 ± 1.4 

Mitral annular assessment  2.8 ± 1.0 3.1 ± 1.1 3.5 ± 1.0 

Number of visible LV endocardial segments 3.5 ± 1.3 3.8 ± 1.2 4.2 ± 1.2 
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AutoMAPSE 

  

General 
practitioners 

Cardiac 
nurses 

Cardiologists 

Images, n 476 470 389 

Total average score 3.2 ± 1.9 3.7 ± 0.9 4.4 ± 0.8 

Four chamber view  3.3 ± 1.6 4.1 ± 1.8 4.9 ± 1.5 

LV alignment  4.4 ± 1.5 5.1 ± 1.2 5.5 ± 0.9 

Mispositioning of apex  3.0 ± 1.3 3.3 ± 1.4 4.0 ± 1.4 

Mitral annular assessment  2.5 ± 0.9 2.9 ± 1.0 3.5 ± 1.0 

Number of visible LV endocardial segments 2.8 ± 1.3 3.2 ± 1.3 3.9 ± 1.3 

 

Table 9. Numbers of evaluated images and mean ± SD image quality scores of the recordings 

with decision-support software overlay according to user groups. Abbreviations: autoEF; 

automatic measurement of LV ejection fraction, autoMAPSE; automatic measurement of 

mitral annular plane systolic excursion, LV; left ventricular.  With permission from Open 

Heart under CC BY-NC license. 

 

The feasibility of autoMAPSE was more affected by image quality than autoEF (Table 10). 

The explained variances (R2) in feasibility of autoMAPSE by image quality ranged from 41% 

for novices to 22% for experts. A similar pattern was not seen for autoEF. In the intermediate 

and expert groups, the feasibility of autoEF was significantly explained by the numbers of 

visible LV endocardial segments (R2 13-14%). Similarly, for autoMAPSE mitral annular 

assessment explained most of the variability with R2 33%, 32%, and 20% in the novice, 

intermediate, and expert group, respectively.  Comparison of the first and second version of 

the autoEF software did not reveal clinically meaningful changes. 

In analyses merging all user groups patient characteristics were only weakly associated with 

image quality score of both autoEF and autoMAPSE recordings, shown by explained 

variances by body mass index (BMI) and systolic blood pressure (both R2 ≤4%, p ≤0.04). The 

association of BMI with image quality was stronger in the expert group (R2 12% and 9% for 

autoEF and autoMAPSE, both p <0.001), while systolic blood pressure was not associated 
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with image quality among the experts (p ≥0.42). The associations of systolic blood pressure 

with image quality for novices and intermediate experienced users were weak (R2 ≤2%, p 

≤0.06) and known hypertension and COPD showed no significant associations with image 

quality (R2 <1%, p >0.09). 

 

Table 10. The importance of components of the image quality score for feasibility of 

automatic decision-support software.  

  Novice Intermediate Expert 

Average image quality  
autoEF 20% 

autoMAPSE 41% 
autoEF 18% 

autoMAPSE 37% 
autoEF 24% 

autoMAPSE 22% 

Four chamber view autoMAPSE 13% 
  

LV alignment 
autoEF 13% 

autoMAPSE 17% 
autoEF 8% 

autoMAPSE 10% 
 

Mispositioning of apex  
 

autoEF 2% 

Mitral annular assessment 
autoEF 10% 

autoMAPSE 33% 
autoMAPSE 32% autoMAPSE 20% 

Number of visible LV  
endocardial segments 

 autoEF 13% autoEF 14% 

Table 10. The explained variance (R2) of the importance of different image score parameters 

for the feasibility of autoEF and autoMAPSE is presented. Only significant associations are 

shown. In multivariate regression analyses including all five prespecified image quality 

scores, all the presented associations were still significant with p ≤0.02. Abbreviations: 

autoEF, automatic measurement of LV ejection fraction; LV, left ventricle; autoMAPSE, 

automatic measurement of mitral annular plane systolic excursion. With permission from 

Open Heart under CC BY-NC license. 

 

Image quality and agreement with reference for autoEF and autoMAPSE  

Image quality was only weakly associated with the agreement of measurements by 

automatic decision-support software on HUDs and reference imaging (Figure 9). Only 2% of 

the variability (R2) between methods was explained by image quality when comparing all 

autoEF measurements with reference. The findings were quite similar across all user groups, 

but as shown by the regression lines the effect was even less in experienced users. For 
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autoMAPSE recordings only 7% of the variance compared to reference was explained by 

image quality. The distribution across groups was more pronounced compared to autoEF, 

with R2 being 7%, 5%, and 1% for the novices, intermediate group, and experts, respectively.   

  

Figure 9. Agreement between automatic measurements on hand-held ultrasound devices 

and reference according to image quality. 
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Figure 9. Scatter plots with line of best fit for the agreement of autoEF and autoMAPSE 

measurements with reference according to user groups (y-axis) plotted against the average 

image quality score (x-axis). Explained variances are shown by the R2. The equation for the 

line of best fit is showed as well. Abbreviations: HUD, hand-held ultrasound device; MAPSE, 

mitral annular plane systolic excursion. With permission from Open Heart under CC BY-NC 

license. 

 

Image quality and the reliability of automatic decision-support software measurements 

There were significant associations of lower reliability with larger difference in image quality 

scores of the repeated recordings (all p ≤0.005). Figure 10 shows data when all three user 

groups were merged on the level of the individual participants. Analysing the three user 

groups separately, the reliability was not significantly associated with image quality for 

either LV EF, EDV or MAPSE in experts (all p ≥0.16). For the novices and the intermediate 

group, the association of reliability with within-patient differences in image quality was 

significant for LV EF, but not for EDV and MAPSE (both p ≥0.051).  

 

Figure 10. Within-patient differences in automatic measurements plotted against the within-

patient differences in image quality on hand-held ultrasound recordings.  

 

Figure 10. Within-patient differences in image quality 

score (x-axis) plotted against the within-patient 

difference in automatic measurements of A) EF, B) EDV, 

and C) MAPSE (y-axis). The lines of best fit have been 

applied and calculated by linear regression analyses. 

Abbreviations: EF, ejection fraction; EDV, end-diastolic 

volume; MAPSE, mitral annular plane systolic excursion. 
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Study IV 

Of the 166 patients included, 28 patients (13 with HFpEF) were diagnosed with HF and 130 

had HF excluded by reference examination. In eight patients the diagnosis remained 

uncertain. Figure 11 illustrates the distribution of correct and incorrect diagnosed patients 

by the different steps of the GPs’ evaluation of the patients. As shown by the heights of the 

columns the numbers of uncertain cases were lowest when the diagnoses were based on 

HUD examinations without automatic measurements and by HUD examinations with 

telemedical support. The GPs correctly classified 92 (55%) patients (15 with and 77 without 

HF) by clinical evaluation only, increasing to 118 (71%) after HUD examinations (19 with and 

99 without HF), and further improving slightly to 123 (74%) correctly classified after 

feedback from telemedical evaluation (20 with, 103 without HF) (difference from clinical 

examination; both p<0.001, non-significant difference for HUD without support and 

telemedicine; p=0.44). The GPs failed to run autoEF and autoMAPSE due to suboptimal 

recordings in 34 and 16 cases, respectively. Using the automatic decision-support software 

did not improve the diagnostic precision compared to clinical examinations (55% and 57% 

correctly classified after adding autoEF and autoMAPSE, respectively).  

 

Figure 11. Diagnostic precision of ruling in and out heart failure by general practitioners. 

Figure 11. The numbers of 

patients with correct and 

incorrect classification 

according to the stages of the 

GPs examination are shown. 

Uncertain cases are shown by 

the total number of 166 minus 

the numbers each column. 

Correct classifications of HF or 

no HF (white), incorrect classifications (black), respectively. Abbreviations: autoEF; automatic 

quantification of left ventricular ejection fraction, autoMAPSE automatic quantification of 
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mitral annular plane systolic excursion; HUD, hand-held ultrasound device. With permission 

from Ultrasound in Medicine and Biology under CC BY-NC license. 

 

After the clinical assessment the GPs were uncertain about the diagnosis of 43 patients. 

Using HUD (without decision-support software) and HUD examinations with telemedicine 

the number of uncertain cases were significantly decreased (20 and 24, respectively, both 

p<0.05), but the difference was not significant between the two (p=0.44). With use of the 

automatic decision-support software there was no significant reduction of uncertain cases 

(autoEF and autoMAPSE with 40 and 36 uncertain cases, respectively). 

 

The diagnostic yield of the stages including HUD alone and combined with telemedical 

approach showed NRI of 0.10 and 0.19 respectively. The data were based on 3.6% and 12.0% 

correct reclassification of patients with HF by HUD and telemedicine, respectively (NRIevents), 

and 6.5% (both HUD and telemedicine) correct reclassification of non-events (Figure 12).  

 

Figure 12. Reclassification to heart failure or healthy according to diagnostic stages. 
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Figure 12. Numbers of correct and incorrect classification of patients with heart failure 

diagnosis dichotomized to “yes” or “no” according to the different stages of the general 

practitioners’ examination. Net reclassification improvement is shown compared to clinical 

examination per stage. Abbreviations: autoEF; automatic quantification of left ventricular 

ejection fraction, autoMAPSE automatic quantification of mitral annular plane systolic 

excursion, HUD; hand-held ultrasound device. NRI, net reclassification improvement. With 

permission from Ultrasound in Medicine and Biology under CC BY-NC license. 

 

The diagnostic decision made by the GPs compared to the reference cardiologist is shown in 

Table 11. PPV was highest for telemedicine and lowest for autoMAPSE (0.71 and 0.40, 

respectively). The NPV was >0.91 at all diagnostic stages. The revision of the autoEF software 

did not significantly alter the results (PPV 0.58 after revision vs. 0.38 and NPV 0.96 after 

revision vs. 0.86, respectively).  

 

Table 11. General practitioners’ clinical decisions compared to reference. 

  
HF 

positive 
HF 

negative 
False 

positive 
False 

negative 
PPV NPV 

Diagnostic stages             

   Clinical  35 (21) 88 (53) 17 (10) 8 (5) 0.47 0.91 

   HUD 36 (22) 110 (66) 15 (9) 6 (4) 0.56 0.94 

   AutoMAPSE 45 (27) 81 (49) 25 (15) 4 (2) 0.40 0.95 

   AutoEF 31 (19) 85 (51) 15 (9) 4 (2) 0.50 0.95 

   Telemedicine  30 (18) 112 (67) 8 (5) 6 (4) 0.71 0.94 

 

Table 11. Data are provided as numbers (percentages), except for PPV and NPV which are 

presented as numbers only. Uncertain cases were not included. Abbreviations: autoEF, 

automatic ejection fraction; autoMAPSE, automatic mitral annular plane systolic excursion; 

HF, heart failure; HUD, hand-held ultrasound device. PPV, positive predictive value; NPV, 

negative predictive value. With permission from Ultrasound in Medicine and Biology under 

CC BY-NC license. 
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Referral of patients  

The GPs were asked to state whether they would refer the patients for a cardiac 

examination by a specialist or not after each stage of the examination, except for the first 

day of inclusion due to an error in the questionnaire. The GPs intended to refer 113 (68%) 

patients after clinical examination, even though suspecting HF in only 35 patients. In the 

remaining 78 (69%) of referred patients, referral was due to other reasons (e.g., atrial 

fibrillation, heart murmurs, suspected coronary artery disease, etc). The number of referrals 

in total decreased significantly after addition of HUD, analyses by the automatic decision-

support software, and telemedical feedback by expert (all p <0.02). Further, the proportions 

of referrals based on suspected HF were non-significantly reduced after adding HUD alone, 

HUD combined with autoEF, and HUD combined with autoMAPSE (31, 35, and 26 patients, 

respectively). Adding telemedical support reduced the number of referrals with respect to 

HF (referral of 23, p=0.02). Interestingly, out of the latter 23 patients the reference 

cardiologist diagnosed HF in 21 (91%). Seven of a total of eight patients being false negative 

after clinical evaluation were referred for cardiac evaluation of other reasons than HF. 

 

Discussion 

The main findings this PhD work showed the following: 1) The telemedical approach with 

limited echocardiographic recordings by non-experts and subsequent interpretation by a 

remote cardiologist was feasible and accurate with results in line with the in-hospital 

cardiologists’ reference measurements. 2) The feasibility of GPs, cardiac nurses, and 

cardiologists with respect to record four-chamber views and utilize automatic decision-

support software on HUDs was only modest, with a gradient from the least to the most 

experienced users. Further, the poor to modest agreement and reliability of the automatic 

measurements suggest a need for further refinement and clinical evaluation before 

implementation into clinical practice. 3) The operators experience influenced image quality 

and the feasibility of HUD recordings. Image quality explained approximately 20% of the 

variability in feasibility for autoEF across user groups, while for autoMAPSE there was a 

difference across groups with explained variability 41% in GPs and 22% in cardiologist. 

Additionally, image quality did not explain the low test-retest reliability of the decision-
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support software measurements among GPs, specialized nurses, and cardiologists. 4) In 

patients referred to cardiac consultation with suspected HF, GPs improved their diagnostic 

precision by adding HUD examination to the clinical examination while the highest NRI was 

found when the HUD examinations were supported by an external cardiologist via 

telemedicine. The results also show that the GPs had no significant benefit of the automatic 

decision-support software.  

 

General discussion 

Training and the use of cardiac diagnostic ultrasound 

Training of inexperienced users within cardiac ultrasound must be focused and with a clear 

and predetermined goal to achieve reliable results. In study I, the cardiac nurses had not 

performed echocardiography until training for this study but had years of experience 

evaluating volume status with HUDs and mobile ultrasound scanners (12, 44). Their training 

involved one-to-one teaching by cardiologists experienced in echocardiography. No formally 

recommended training protocol was followed, but all views and parameters were 

predetermined. The cardiac nurses performed only dedicated recordings without 

interpretation or quantitative analyses, which differs from the training of cardiology fellows 

and sonographers. The training in limited echocardiography was beyond the scope of 

focused cardiac ultrasound, but not as extensive as for standard echocardiography (13). In 

study II-IV, the GPs time for training was adequate lasting three months prior to inclusion 

and included six one-to-one training days in addition to evening lectures. This training 

protocol was in line with previous studies (21, 22, 43), and as expected, asking the GPs 

directly they considered themselves prepared to start inclusion in the study. We believe that 

the training in these studies was adequate, providing a relevant level of skills which makes 

the results generalisable and realistic for an average clinical setting.  

The aspect of personal enthusiasm for learning new skills is a common bias in research. Thus, 

the GPs were selected by the municipality administration based on their positions, and not 

by the research group or their motivation to learn cardiac diagnostic ultrasound. In our 

opinion this provides a realistic setting and is representable when discussing broad 

implementation into practice, even though the performance may have been improved by 

including enthusiasts only. On the other hand, the cardiac nurses had an above average 
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interest in diagnostic ultrasound and had years of experience with focused ultrasound of the 

ICV and pleural cavities. The nurses’ participation in study I, practicing a limited 

echocardiographic protocol at a HF clinic was a strong motivator for study II-III and is to our 

knowledge unique. Nurses in general, and most cardiac nurses, will most likely fall into the 

novice category in most cases, while the nurses included in this work were due to the 

training and years of experience categorized as intermediate experienced at start of study II-

III.  

All training and personal motivation aside, it takes years to become an experienced 

echocardiographer. However, evaluating experienced echocardiographers was not the 

purpose of this work. The need to support inexperienced and intermediate experienced 

users by decision-support software is increasing along with the ever-increasing availability of 

HUDs. The type of support offered in everyday clinical work depends on the access to 

specialists, technological development, innovations, and creativity. The presented studies 

show that the telemedical support provided useful support for the non-experts to make solid 

clinical evaluations quite well aligned with the reference examinations, while the benefit of 

the automatic decision-support software was negligible. The latter could not be fully 

explained by poor image quality and inexperienced users.  

 

Study populations 

Population 1 (study I) consisted of established HF patients enrolled from an outpatient HF 

clinic, while Population 2 (study II-IV) was selected to represent the typical patient group 

referred to cardiac consultation to rule in or out HF as seen in everyday clinical practice. The 

high rate of comorbidities such as atrial fibrillation, hypertension, COPD, and overweight and 

obesity was expected, as these comorbidities are commonly seen in HF patients and 

constitute relevant differential diagnoses and risk factors for HF (1). These comorbidities and 

patient characteristics may negatively affect the acoustic window leading to challenges in 

image acquisition as well as manual and automatic image analyses. Image quality is essential 

and poor image quality constitutes a major challenge within ultrasound diagnostics. BMI and 

systolic blood pressure were of limited clinical importance with respect to feasibility, 

agreement with reference, and reliability of measurements in this work.  
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The study populations were heterogeneous with a wide range of age leading to a broader 

distribution of relevant patient characteristics compared to more strictly selected patient 

samples (14, 38, 43). Arrhythmias, and in particular atrial fibrillation, may lead to 

unpredictable duration of cardiac cycles, which challenged the automatic decision-support 

software in study II-IV. Only 28 (17%) of the population included in study II-IV were 

diagnosed with HF. This highlights the indeterminate nature of signs and symptoms of HF, as 

well as the need to improve HF diagnostics outside the hospital setting. As seen by the 

results of study IV atrial fibrillation was common among misclassified patients (41). Even 

among experts, differentiating between HF and atrial fibrillation may be challenging, as the 

presence of tachycardia may alter LV volumes and functional indices even when HF is not 

present. 

 

Study specific discussion 

Study I  

The telemedical approach with limited echocardiography by specialized nurses and 

telemedical interpretation by external cardiologists was feasible and reliable. The total 

examination time was approximately 1.5 hours from start to finish, including recording, 

transfer, interpretation, and feedback. The echocardiographic measurements and clinical 

conclusions of the telemedical approach were comparable to reference echocardiography. 

Only small differences in dimensions and blood flow measurements compared to reference 

measurements were seen, and the results were well in line with known test-retest variation 

for echocardiographic indices (45-47). The agreement for estimation of LV filling pressure 

was good with misclassification by the telemedical approach of 17% compared to reference. 

Outliers represented severe cardiac pathology which can be difficult to assess for less 

experienced users. Severe pulmonary hypertension, a degenerated aortic bioprosthesis, and 

hypertrophic cardiomyopathy may be overlooked during echocardiographic examination if 

the operator is not aware of the condition or the imaging details important for the diagnosis. 

The findings were also in line with a previous study evaluating the agreement in classification 

of diastolic function between echocardiographers in 105 participants (48). The evaluation of 

valvular pathology by HUDs has been found to be more challenging than evaluation of 

ventricular size and function, and the lack of quantitative tools on HUDs may partly explain 
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the reduced diagnostic performance within valvular diseases (49). The latter is also shown in 

a previous publication by our group, where inexperienced users perform poorly when 

evaluating valvular pathology compared to evaluation of global LV function (21). A study 

comparing the accuracy for diagnosing cardiac pathology by medical students after brief 

training with HUDs compared to cardiologists without access to ultrasound (physical 

examination and auscultation only), showed superior accuracy for identifying valvular 

pathology by the medical students. This indicates the usefulness of FoCUS even when 

assessing the cardiac valves which is considered particularly difficult for novices (50). 

However, as the level of training needed for proper evaluation of valvular pathology is too 

extensive this was not included as an aim for this work.  

The agreement with respect to correct classification of HF was substantial (kappa 0.73) 

between the telemedical approach and reference, and all inconsistencies were related to 

misclassification of HFmrEF vs. HFpEF or HFrEF. The HFmrEF phenotype is controversial, and 

whether HF should be categorized based on LV EF is debated (51-53). Moreover, it has 

previously been shown that 40% of patients will move from HFmrEF to HFpEF or HFrEF 

phenotypes in repeated analyses (54).  

The limited echocardiographic protocol included the views and parameters needed for 

assessment of a HF patient, allowing for HF subtype classification and estimation of LV filling 

pressure. The protocol could be categorized somewhere between recommendations for 

FoCUS (more thorough evaluation) and comprehensive echocardiography (less extensive) 

(13, 55). There are to the best of our knowledge no similar studies where non-experts 

perform limited echocardiography with expert’s interpretation by telemedicine. In general, 

there are few studies where inexperienced personnel perform echocardiographic recordings 

with interpretation by experts (55, 56). The presented results confirmed previous studies 

aiming to expand telemedical solutions. Large efforts and resources are related to 

transportation costs vs. training of e.g., cardiac nurses. In our opinion, the presented results 

justify implementation of telemedical tools into everyday practice to support users and to 

overcome geographical challenges. The use of telemedical solutions accelerated during the 

COVID-19 pandemic and changed the way health care services can be offered (57). Reducing 

the time to a correct diagnosis is an urgent issue with increasing numbers of patients in need 

of specialized care. HF patients may benefit from diagnostic ultrasound even without seeing 
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an expert, and this may improve both diagnostics and follow-up, and has the potential to 

shorten waiting times. It is important to highlight that the long-term aim for these studies 

was to expand the use of diagnostic ultrasound and not to replace comprehensive 

echocardiography so more patients may benefit from improved diagnostics in the future.  

 

Study II 

Feasibility and reliability of the automatic decision-support software 

The time consumption of approximately 20 minutes for GPs and cardiac nurses to complete 

HUD examinations is considered acceptable for selected cases in everyday clinical practice. 

The feasibility of the automatic decision-support software was acceptable for the most 

experienced users, but still below what would be clinically acceptable. This even applied for 

images of decent quality looking at the blinded image quality score. The agreement with 

reference was poor to moderate and even for experts the agreement and reliability were 

barely within the ranges recommended for clinical use.  

The intra- and inter-rater ICCs for novices and the intermediate experienced group were 

lower than what is recommended for clinical use, and even for experts the inter-rater ICCs 

were only 0.51 for autoEF and autoMAPSE. This indicates that user experience alone could 

not explain the modest inter- and intra-operator reliability. The agreement with reference 

was poor for autoEF and autoMAPSE for all users. Suboptimal image acquisitions by 

inexperienced users partially explains the poor agreement. It is important to emphasize that 

the agreement was suboptimal also in experts. The automatic quantification of LV EF has 

been evaluated in a few studies by experienced users (25, 58, 59). Interestingly, two of these 

studies published somewhat better agreement for autoEF compared with the presented 

work, but the results are not directly comparable. In these studies, the users were either 

cardiologist or a cardiology fellow trained in advanced echocardiography (25, 58). A third 

study evaluated the autoEF software on Vscan Extend HUDs by intensive care physicians.(59) 

They presented a kappa value of 1.0 for the agreement of LV function assessment! However, 

this study has several limitations and potential errors including poor methodological 

description, lack of presentation of the results, no difference between end-diastolic and end-
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systolic LV volumes, and for different echocardiographic tasks the kappa values ranged from 

0.01 to 1.0.  

For the autoMAPSE application, we know from recent studies by our group that the software 

underestimates MAPSE in recordings by HUDs compared to reference echocardiography (38, 

60). Supplying motion-mode MAPSE with tissue Doppler mode has been shown to reduce 

the underestimation, but tissue Doppler mode is not available on most HUDs (37). These 

findings also highlight that cut-offs and references for pathology is not interchangeable 

between different methods. With respect to the GPs interpretation of autoMAPSE, they 

were presented with these results prior to study start and were told that due to the 

underestimation by the algorithm autoMAPSE would lead to a lower normal limit compared 

to the commonly used cut-off of ≤10mm (61).  

The findings indicate that the automatic decision-support software cannot be implemented 

as reliable tools independently of the skills of the users. These findings should be taken into 

consideration when the next generation of automatic LV quantification software is 

developed. 

 

Study III 

When evaluating the importance of image quality and operators experience for automatic 

decision-support software measurements on HUD examinations by three user groups, the 

main findings were as follows: 1) Image quality was significantly associated with the 

feasibility of autoEF and autoMAPSE, and image quality explained more of the variance of 

feasibility among the less experienced compared to the more experienced user groups. 

Across the user groups, image quality explained 18-24% of the variability in the feasibility of 

autoEF vs. 22-41% of the variability for autoMAPSE. 2) The most important prespecified 

image quality category (out of five) for the feasibility of autoEF and volumes was the 

numbers of visible LV endocardial segments, while mitral annular assessment was most 

important for autoMAPSE. 3) The reliability of the automatic decision-support software was 

less influenced by image quality, shown by the very low R2 and the finding of significant 

associations only for autoEF within the less experienced user groups.  
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Feasibility of the decision-support software and image quality 

As expected, both automatic decision-support software showed higher feasibility when the 

image quality score was higher. Moreover, the less experience the users had, the more 

image quality influenced the feasibility of both autoEF and autoMAPSE. The feasibility of 

autoMAPSE was more closely related to image quality than autoEF, as seen by the explained 

variances of the feasibility which was almost twice as hight for autoMAPSE compared to 

autoEF. The differences found across user groups can partly be explained by higher image 

quality with less variation among the expert users. Importantly, the performance of decision-

support software performance was not dependent on image quality alone.  

As shown above, the image quality parameter explaining most of the variance in feasibility 

for autoEF was the number of visible LV endocardial segments, while the mitral annular 

assessment was most important for autoMAPSE. This corresponds to the requirements for 

LV EF and MAPSE in echocardiography.  

Technological aspects of the automatic decision-support software may influence their 

feasibility. As the autoEF software is assisted by artificial intelligence the training of the 

algorithm seems not to have been adequate for the HUD recordings of this study (58). 

Accordingly, the autoMAPSE software utilized an underlying model of the left ventricle, 

which seems inadequate when the inexperienced users recorded the images. The well-

known robustness of MAPSE has been shown for other methods than the one currently 

used, and the results are not directly transferrable across methods (62).  

 

Image quality, agreement, and reliability 

Compared to previous studies by experts using high-end echocardiography the coefficients 

of repeatability for the automatic decision-support software were much higher (ranging 19-

24%) (39, 45). In a recent publication utilizing decision-support software for assessment of 

LV EF by a novel HUD the limits of agreement was 14.5% (25). In the latter study, image 

quality did not seem to significantly influence the agreement with reference (25). Exploring 

the unacceptably high variability in the present study we found that image quality could 

explain only a small part of the poor agreement. However, both autoEF and autoMAPSE 

underestimated LV measurements compared to reference when image quality was low.  
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It is important to highlight that even for experts where image quality was highest, the 

agreement with reference for autoMAPSE was below recommendations for clinical use. In 

addition, compared to reference autoMAPSE showed a linear relation of more 

underestimation with lower image quality for all user groups. Only 7% of the variability was 

explained by the image quality for autoMAPSE. In a recent publication by our group we 

showed a slight underestimation of autoMAPSE compared to reference, but it is important 

to notice that even if agreement was good and intra- and interrater ICCs were excellent the 

experts usually do not seek automatic decision-support tools when using HUDs (38). Further 

studies evaluating how less experienced users can record echocardiographic images of 

decent quality for the automatic decision-support software to function as intended are 

needed. The use of real-time guiding systems for probe positioning, with and without 

automatic decision-support tools, could be a step in the right direction (63).  

As discussed in relation to study II, only a minor part of the test-retest reliability of the 

measurements by the automatic decision-support software was caused by image quality 

variations. These findings are in disfavour of clinical implementation of both the autoEF and 

autoMAPSE software before refinement and proper clinical evaluation has been performed. 

Such a comprehensive evaluation of blinded image quality assessment of repeated HUD 

recordings and the influence of different aspects of image quality on agreement and 

reliability of automatic measurements of LV function has to the best of our knowledge not 

yet been performed. The method was further strengthened by testing the reproducibility of 

the blinded image quality assessment in a large sample of 771 recordings by another blinded 

cardiologist. Direct comparison to other studies (e.g., Papadopoulou et al. and Filipiak-

Strzecka et al.) is difficult (25, 58). The mentioned two studies provide little information 

about image quality scoring, and they have only evaluated data from single operators with 

ultrasound experience (25, 58). In comparison, our data were based on findings from eight 

novices or intermediate experienced users, and five experts. Additional refinement and 

better training of the artificial intelligence algorithms used in the autoEF software may at 

least partly explain the differences between these studies, but this information is hidden for 

the readers (25, 58). However, more advanced supportive software is already on the 

horizon, including real-time feedback to the user on how to improve examination techniques 
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with HUDs as well as automatic real-time measurements of LV volumes, LV EF, and 

deformation imaging (64, 65). 

 

Study IV 

The precision of a HF diagnosis based on a standard clinical examination is imprecise with 

low accuracy and high false positive rates (66, 67). Correspondingly, we found a PPV of only 

0.47 for diagnosis of HF based on the clinical examination. The proportion of patients 

correctly diagnosed by GPs improved with ≥25% (with less false positive results) and 

uncertain cases was reduced by approximately 50% after adding focused cardiac ultrasound 

by HUD and telemedical support (41). Improving patient selection for referrals to 

cardiological evaluation allows for better utilization of health care resources. Relying solely 

NT-Pro-BNP for HF diagnosis is imprecise as the PPV is low (68). In a study of more than 500 

patients presenting with shortness of breath over 65 years of age, only a quarter of those 

with pathologically elevated NT-pro-BNP had HF (11). 

 

Adding FoCUS to the initial clinical evaluation by GPs in patients with suspected HF had 

diagnostic value in this study. A previous study from our research group showed that GPs 

could assess LV function by HUDs, and other studies evaluating users of varying experience 

have shown the benefits of adding HUD examinations to the clinical evaluations (27, 49, 69, 

70). In contrast, adding automatic decision-support software for LV function did not improve 

the diagnostic precision. The automatic decision-support software seemed to somewhat 

confuse the GPs making the interpretation difficult. After adding telemedical support the 

referrals were reduced by 35%, and for those selected for further diagnostic workup >90% 

were diagnosed with HF by the reference cardiologist. Evangelista et al. showed the value of 

adding HUD examinations by GPs combined with telemedical interpretation and feedback 

from external experts in a non-selected population (49). The NPV for non-pathological 

findings was excellent (>97% for valvular pathology and LV dysfunction) and the reduction of 

referrals to comprehensive echocardiographic examination was reduced by 32% after HUD 

examination and telemedical feedback. However, the study lacks a systematic evaluation of 

image quality and only some of the HUD recordings were compared to comprehensive 

echocardiography, which can obscure the true results for those with actual HF. 
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Clinical influence of HUD examinations and diagnostic supportive tools 

Previously, autoEF has been proven feasible for experienced users (25, 58) and autoMAPSE 

has been shown to be reliable on high-end equipment by experts (70, 71). To the best of our 

knowledge, automatic quantification of LV function on HUDs performed by inexperienced 

users have so far not been evaluated to the same extent as in study II-IV. The lack of 

diagnostic improvement by autoEF and autoMAPSE was explained by an increase in false 

positive results after autoMAPSE, a high proportion of uncertain cases for both autoEF and 

autoMAPSE, and no significant difference between the two methods was shown. After the 

revision of the autoEF software, we found no improvement in false positive or false negative 

cases. For autoMAPSE, the underestimation of MAPSE seems to be the main cause for the 

high false positive rate. As discussed previously related to study II this may be compensated 

by using tissue Doppler mode which is not yet available on HUDs (37, 70, 72). Both autoEF 

and autoMAPSE was underestimated compared to reference in this study (mean autoEF vs 

mean LV EF; 48% vs 53% and mean autoMAPSE vs mean MAPSE; 8 mm vs 12 mm). The 

underestimation by autoMAPSE was larger than previously shown (70, 72). This can partly 

explain the uncertainty and overdiagnosis by the GPs.  

Further, atrial fibrillation makes HF diagnostics challenging in general when performing 

standard echocardiography due to the inconsistent cardiac cycle length. HFpEF and atrial 

fibrillation present clinical challenges alone, but the combination is particularly difficult due 

to overlapping symptoms and technical difficulties during echocardiography. Atrial 

fibrillation was present in 54% of all patients diagnosed with heart failure, and 62% in 

patients diagnosed with HFpEF. Atrial fibrillation may also have influenced the success of the 

automatic decision-support software.  

Telemedical solutions in combination with echocardiography can make HF diagnostics more 

accessible and time to treatment can be reduced (73, 74). In this study the number of false 

positive and uncertain cases were reduced after feedback from the external cardiologist. The 

PPV (0.71) was highest for telemedical support, and the proportion of correct reclassification 

(NRI 0.19) compared to clinical evaluation and automatic quantification was significant. The 

small difference between the HUD examination interpreted by the GPs themselves and 

telemedicine is somewhat unexpected. However, not supported by the collected data it may 
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seem like it was difficult to put expert report into clinical context. As shown, 13 of 28 

patients were diagnosed with HFpEF. Further, most of the misclassified HF patients in the 

present study had HFpEF, which is a known pitfall in HF diagnosis even for experienced 

echocardiographers (75). Giving the external cardiologist access to the clinical information 

from the present exam could have improved the precision of the telemedical approach. 

Furthermore, improved image quality would likely improve the success of telemedical 

support as the feedback from the external cardiologists were highly dependent of the 

material interpreted.  

 

Strengths and limitations 

Study I 

The main strength of the study was the complete blinding of the telemedical approach and 

the reference method. The number of patients included, and the number of cardiac nurses 

involved were modest. However, for the aim of the study the sample size was adequate. 

Still, this reduces the generalisability of the results and should be taken into consideration 

before applying the results beyond the aims of the study. Since echocardiography served as 

reference for the estimation of filling pressures and no invasive measurements were 

performed, we were only able to evaluate the agreement of the telemedical approach 

compared to reference as a surrogate for the actual filling pressures. The limited 

echocardiography by cardiac nurses is not equal to comprehensive echocardiography but 

was shown to add valuable information to clinical decision making. Since only the 

cardiologists performing the reference echocardiography (and not the cardiac nurses or the 

out-of-hospital cardiologist performing the interpretation by telemedicine) had access to 

previous echocardiograms it is unlikely that the previous examinations have influenced the 

results of the study.  

Study II-IV 

The main strength of these studies was the rigid design with complete blinding between all 

users. Another strength was the comprehensive blinded evaluation of image quality by a 

predefined five parameter score in attempt to better understand the performance of the 

automatic decision-support software. The verification of the robustness of the blinded 



66 
 

evaluation of image quality by re-evaluating almost 800 images by another external 

cardiologist confirmed the consistency of the presented results across user groups. The 

sample size was adequate and based on power calculations, and further expanded to 

account for an expected low proportion with disease. Additionally, the sample size was 

further adjusted to compensate for the revision of the autoEF software. We believe the total 

sample size of patients and operators provide adequate power for all analyses. 

For broad generalisability of the study results an even larger number of operators would 

have been optimal. Still, the number of examiners (five GPs, three cardiac nurses, and five 

cardiologists) was higher than in comparable studies (25, 58). Further, the users’ level of 

experience ranged from inexperienced to expert level (most GPs were introduced to 

practical ultrasound diagnostic in preparation for the study, while all cardiologist had level III 

experience according to the American Society of Echocardiography (28)). However, with 

respect to the user specific results a larger group of operators would have been preferable 

to reduce potential bias. We believe the studies paint a realistic image of the performance of 

decision-support software across different levels of user experience. All available cardiac 

nurses previously trained in limited echocardiography and all cardiologists at Levanger 

Hospital were included as users while GPs were recruited by their current position in the 

municipality. No user was recruited based on motivation for attending the study, making the 

study representable and applicable for the average GPs experience level, and removed 

personal motivation and interest as a bias.  

A current limitation when evaluating cardiac function and HF is that there is no gold 

standard for evaluation of LV function. Echocardiography performed by experienced 

cardiologists was therefore used as reference method, and this introduces a possibility for 

some variation also for the reference method. The diagnosis of HF includes signs and 

symptoms in addition to more objective findings of cardiac pathology which challenges the 

use of HF as an endpoint. The HF diagnosis may be particularly challenging when LV EF is 

preserved and when patients have high-rate atrial fibrillation combined with a mild or 

moderate reduction of LV EF (41). This remains a challenge in clinical work.  

An important limitation regarding the evaluation of image quality was that only images with 

autoEF and autoMAPSE overlays were reviewed, meaning cases where image quality or 

cardiac cycle inconsistency did not allow for the software to run were excluded from the 
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analyses. As a lower proportion of recordings were able to run the decision-support software 

for the less experienced groups, it can potentially influence the results between the groups. 

However, it may be expected that the image quality for the images not analysed had even 

lower quality than those included, and that the presented results may be biased towards 

underestimation of the impact of image quality particularly for the GPs. Due to logistic 

reasons the cardiologists did not perform HUD examinations on the first 29 participants. 

However, the feasibility in this groups was high and over 360 images by cardiologists were 

reviewed for both autoEF and autoMAPSE. As we detected an error in the first autoEF 

version during the blinded image quality analyses, this experience may have affected the 

results for the revised software as well. This issue is particularly relevant for the GPs with 

respect to placing HF diagnosis or no HF diagnosis in study IV. The error detected caused an 

irregularity between the shown endocardial traces and the measured LV EF, which was only 

detected by the blinded analyses and not by performing operators in the study. This caused 

additional challenges to the GPs when interpreting the results of the automatic decision-

support software as their clinical experience led them to mistrust the results often leading to 

overdiagnosis rather than to trust the initial assessment with HUD without automatic 

decision-support software. One could argue that due to the autoEF software revision it 

would be beneficial to reanalyse all recordings with the revised version, but the decision was 

made to stay true to the original aim of the study. We did not reanalyse the data, and for the 

evaluation of the clinical impact of the autoEF software in study IV reanalysing LV EF months 

after the GPs evaluation of the patients would not represent clinical practice.  

Other factors may have influenced the clinical decisions regarding HF diagnostics in study IV. 

First, there was a delay in the reporting of the in-hospital laboratory tests. This made the 

results from the blood samples unavailable to the GPs in most cases and NT-proBNP values 

of the present day were rarely available at the time of the GPs consultation. It is worth 

noticing that the rule-out threshold of <125 ng/ml has excellent reliability, and some HF 

referrals may have been avoided if the NT-pro-BNP values were available for the GPs to rule 

out HF (76). However, not having NT-pro-BNP available the same day reflects the everyday 

practice of GPs in Norway, and we do not expect significant changes if the laboratory results 

were available in time. Most patients in population 2 (study II-IV) had moderately increased 

NT-pro-BNP which corresponds to higher uncertainty with respect to HF diagnosis (11, 77). 
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Secondly, more training in clinical decision making and image analyses, shorter and more 

consistent time intervals between the training period and inclusion days could potentially 

improve image quality and the gain from the telemedical feedback option.  

 

Future aspects  

Image analyses in general, and particularly echocardiography, is well suited for artificial 

intelligence (machine learning and deep learning algorithms) due to standardized views and 

multiple measurements. Normal reference ranges for most echocardiographic parameters 

exists. This in combination of enormous databases of images collected over time allows for 

large scale training (78-82). However, the quality of the databases and the reference 

annotations are mandatory for the development of reliable software. The technological 

developments discussed in the current work add valuable experience to the future 

development of HF diagnostics and follow-up. Recent development at Centre for Innovative 

Ultrasound Solutions, NTNU, has shown that real-time automatic image analyses by deep 

learning algorithms with continuous feedback to the user reduced the common error of LV 

foreshortening (where the imaging plane does not transect the centre of the LV) (63). 

Further, the use of automatic image analyses for measurements of global longitudinal strain 

reduces inter-observer variability (65). The UltraSight artificial intelligence-driven guidance 

software (UltraSight Inc.©, collaboration with GE ultrasound) and Caption Guidance (Caption 

Health Inc. ©, Brisbane, CA, USA) software allow inexperienced users to record images while 

the software gives real-time feedback on probe position utilizing deformation analysis and 

real-time feedback to the user on how to achieve images of better quality (83, 84). However, 

such feedback is not yet commercially available on HUDs and applications are currently 

available for research purposes only. Real-time feedback to the examiner on how to improve 

the image quality is thought to be of great value with these portable HUDs. This may also 

reduce common errors in image acquisition and improve the databases so that automatic 

image analyses could be optimized. Importantly, there is a continuous need to scientifically 

test and clinically validate all new methods before implementation into clinical practice. 

Even software revisions of different image analysis algorithms should be scientifically 

evaluated to ensure the quality of the software. This is not yet the common practice, but to 
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it should be mandatory to guarantee that all tools used in clinical diagnostics and treatment 

of patients have optimal quality. 

 

Conclusion 

This work has evaluated the feasibility, agreement with reference measurements, and the 

clinical influence of novel decision-support software used by operators of varying level of 

experience to create new knowledge and possibilities to expand the use of ultrasound 

diagnostics, as well as highlighting important limitations.  

 

Specific conclusion 

Tele-echocardiography with limited echocardiographic data collection by inexperienced 

users and interpretation by experts was feasible and accurate for quantitative 

measurements of left-sided cardiac chambers size and function, HF classification, and LV 

filling pressures. The use of tele-echocardiography for assessment of HF patients at remote 

locations can potentially lead to improve diagnostics and follow-up.  

Fully automated analyses of LV function on HUDs by autoEF and autoMAPSE showed modest 

feasibility with a gradient from the novices to the expert users. The automatic decision-

support software showed agreement and reliability below what is commonly recommended 

for clinical use.  

The image quality of HUD recordings was closely related to experience of the users, with the 

lowest image quality score among the GPs and highest score for cardiologists. However, 

neither image quality, user experience, nor patients’ characteristics could explain the poor 

performance of the automatic decision-support software. Further refinement of the 

automatic decision-support software is warranted before clinical use.  

HUD examinations alone by GPs and in combination with expert interpretation by 

telemedicine improved the diagnostic precision for GPs evaluation of patients with 

suspected HF compared to clinical evaluation alone. However, the use of HUD examinations 

with automatic decision-support software did not improve the diagnostic precision.  
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Clinical implications 

The current work is a step in the right direction for improving the evaluation of novel 

technological solutions to simplify assessment of LV size and function in situations where 

experts are unavailable.  

In line with previous studies, adding a focused cardiac ultrasound by GPs to the clinical 

evaluation increases the diagnostic precision indicating that implementation of ultrasound 

diagnostics outside the specialized echocardiographic laboratories can allow for more 

patients to benefit from diagnostic ultrasound.  

Tele-echocardiography can be a valuable addition to diagnostic ultrasound if the users are 

sufficiently trained in recording of ultrasound images but less experienced in image analyses. 

This type of technology can improve the diagnostic process for patients by overcoming 

geographical challenges. 

The automatic decision-support software evaluated in this work needs further refinement 

before large scale implementation into the clinical workflow. It is crucial to always evaluate 

novel medical technology with clinical studies before implementation into practice.  
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ORIGINAL RESEARCH

Feasibility and Accuracy of Tele-
Echocardiography, With Examinations
by Nurses and Interpretation by an
Expert via Telemedicine, in an
Outpatient Heart Failure Clinic
Anna Katarina Hjorth-Hansen, MD , Garrett Newton Andersen, MD, PhD, Torbjørn Graven, MD,
Guri Holmen Gundersen, RCN, Jens Olaf Kleinau, MD, Ole Christian Mjølstad, MD, PhD, Kyrre Skjetne, MD,
Stian Stølen, MD, Hans Torp, PhD, Håvard Dalen, MD, PhD

Objectives—To study the feasibility and accuracy of focused echocardiography
by nurses supported by near–real-time interpretation via telemedicine by an
experienced cardiologist.

Methods—Fifty consecutive patients were included from an outpatient heart fail-
ure (HF) clinic. Limited echocardiography was performed by 1 of 3 specialized
nurses. The echocardiograms were transferred by a secure transfer model for
near–real-time interpretation to 1 out-of-hospital cardiologist, assessing, among
others, the left ventricular (LV) internal diameter, end-diastolic volume, ejection
fraction, left atrial (LA) indexed end-systolic volume, mitral early inflow velocity
(E), the ratio of E to mitral late inflow, and the ratio of E to the mitral annular
early diastolic velocity. The reference method was echocardiography by 1 of
4 experienced cardiologists.

Results—The median age of the population (46% women) was 79 (range,
33–95) years. The assessment and quantification of LA and LV dimensions,
volumes, and functional indices were feasible in 94% or more via the telemedical
approach. The agreement with reference measurements was very high by the
telemedical approach. The mean duration � SD of the complete telemedical
approach from the start of echocardiography until the cardiologist’s report was
received by the caregiving nurse was 1.32 � 0.36 (range, 1.58) hours. The corre-
lations with reference to the above-specified indices were r = 0.75 to 0.94.

Conclusions—Limited echocardiography by nurses in an outpatient heart failure
clinic, supported by interpretation by an out-of-hospital cardiologist, was feasible
and reliable. This may reduce geographic disparities and allow more patients to
benefit from the advantages of implementing focused echocardiography by non-
cardiologists in diagnostics and follow-up.

Key Words—echocardiography; heart failure; nonexpert; nurse; telemedicine

Modern technology allows for fast and safe transfer of
patient information, which has not previously been
attainable. Telecommunication technology (telemedi-

cine) provides delivery of health services where distance is a
critical factor. Today, access to the Internet and, thus, the potential
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to use telemedicine is available in most places in the
world through local area networks and wireless mobile
telecommunication technology.

Heart failure (HF) is associated with a poor prog-
nosis and a reduced quality of life, and the financial bur-
den on the health care system is substantial.1 Despite
current treatment options, HF morbidity and mortality
are still high, and 25% to 50% of all patients with HF
are readmitted within 6 months of hospitalization after
decompensated HF.1–3 Guidelines advocate classifica-
tion of HF by the left ventricular ejection fraction
(LVEF), as this is decisive for both treatment and prog-
nosis.4 Patients with HF who have an EF of 50% or
higher are classified as having heart failure with a pre-
served ejection fraction (HFpEF). Similarly, patients
with HF who have an EF of 40% to 49% and an EF of
40% or lower are classified as having heart failure with a
midrange ejection fraction (HFmrEF) and heart failure
with a reduced ejection fraction (HFrEF), respectively.
Furthermore, the size and function of the cardiac cham-
bers are easily depictable by echocardiography.5

Fluid retention is the major consequence of decom-
pensation, which usually happens over time with late-
onset symptoms and an unpredictable course.4 Patients
with HF could benefit from frequent volume status
assessments and more aggressive therapy.2,5–7 The
assessment of the volume status in patients with HF may
be improved by evaluation of the presence of pleural
effusion and the dimension and collapsibility of the infe-
rior vena cava.4,8 The classification of the HF category,
estimation of filling pressures, and estimation of the vol-
ume status can be performed by echocardiography.5,9

Echocardiography is usually performed by special-
ized sonographers or experienced cardiologists. Interpre-
tation of the recordings is usually performed at the same
location as the examination. Implementation of telemed-
icine for interpretation of images at remote locations is
common in the field of radiology to reduce the work-
load of local radiologists.10 The research regarding
tele-echocardiography is scarce. The first studies
on tele-echocardiography were conducted by pedi-
atric cardiologists as support for physicians in
rural areas.11 So far, telemedicine has not found its way
into routine follow-up of patients with HF. However,
tele-echocardiography allows for the performance of
echocardiographic recordings at one location and inter-
pretation by an expert at another; thus, patients can ben-
efit from the positive impact of more precise diagnostics.

The aim of the study was to examine the feasibil-
ity and accuracy of tele-echocardiography in an outpa-
tient HF clinic. We combined echocardiographic
recordings by trained nurses with transfer of echocar-
diographic data by local area networks and wireless
mobile telecommunication for interpretation by a
cardiologist at a remote location. The purpose of the
study was not to implement limited ultrasound in
the routine follow-up of patients with HF, but the aim
was to explore the benefit in HF follow-up where tele-
echocardiography can overcome geographic challenges
to improve HF diagnostics and care. Second, we aimed
to evaluate the accuracy of tele-echocardiography for
classification of HF and evaluation of filling pressures.

Materials and Methods

Study Population
Patients from an outpatient HF clinic were recruited
at Levanger Hospital, Nord–Trøndelag Health Trust.
All patients were followed for known HF and had
previous echocardiographic examinations performed
by a cardiologist. Only patients older than 18 years
were eligible for inclusion between October 2016 and
February 2017. All participants gave their informed
written consent before inclusion. The study was
conducted in conformity with the policy statement
for the use of human subjects of the Declaration of
Helsinki. The study was approved by the Regional
Committee for Medical and Health Research Ethics
(REK 2015/2312) and registered in the ClinicalTrials.
gov database (NCT02936050).

Training and Education of Nurses
Three registered cardiac nurses with 6 to 12 years of
clinical experience from a nurse-led outpatient HF
clinic were trained in performing echocardiographic
recordings by two cardiologists. The nurses had no pre-
vious experience in echocardiographic recordings or
image analyses. However, they were familiar with the
use of handheld ultrasound devices for evaluation of
the size and respiratory variation of the inferior vena
cava and assessment of pathologic fluid in the pericar-
dium and pleural cavities to aid in their clinical work with
patients with HF. Lung ultrasound was not included in
the training. They underwent systematic training by
cardiologists with experience in echocardiography and
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performed a mean of 67 (range, 47–97) lifetime exami-
nations before patient inclusion. Initially, they performed
approximately five echocardiographic examinations with
hands-on training support.

Tele-Echocardiography With Recordings by Nurses
and Interpretation by Telemedicine
A Vivid 7 scanner (GE Healthcare AS, Horten, Norway)
was used by the nurses to obtain goal-directed echo-
cardiographic recordings of the following standard
views: parasternal long- and short-axis (with and
without color Doppler), 3 standard apical views
(4-chamber, 2-chamber, and long-axis) with and with-
out color Doppler focusing on left ventricular (LV),
left atrial (LA), and right ventricular subcostal views
for assessment of the inferior vena cava, pulsed wave
tissue Doppler imaging with a sample volume in the
basal part of the septal and lateral walls (4-chamber),
pulsed wave Doppler recordings of mitral inflow, and
continuous wave Doppler imaging of the blood flow
through the aortic valve and tricuspid regurgitations.
All recordings contained at least 3 cardiac cycles. The
recording of the inferior vena cava included both
maximum and minimum dimensions by including a
quick inspiration (sniff). Both pleural cavities were
assessed in the midclavicular and midaxillary line in a
sitting position with the transducer in the intercostal
spaces, as described earlier,12 and in cases of pleural
effusion, longitudinal and transverse images were
recorded. The amount of fluid was quantified as the
distance from the diaphragm to the basal part of
the lung, annotated as 0 in cases of no pleural effu-
sion. No ultrasound examinations of the lungs were
included. The nurses had access to patient histories
and key words of previous echocardiographic exami-
nations, but importantly, they did not have access to
previous echocardiographic recordings.

Transfer of the recordings was done immediately
after the examination. A commercial software- and
hardware-based system (PaCentric; Fimreite Soft-
ware, Stavanger, Norway) was used. PaCentric allows
for secure transmission, interpretation, and reporting
of medical Digital Imaging and Communications in
Medicine images per the Internet. The data were
stored securely and depersonalized. PaCentric is
accredited (International Organization for Stan-
dardization 13485:2003) and certified (Conformitè

Europëenne 0434), as well as approved by the US
Food and Drug Administration (510 k100837). Trans-
mission of the recordings was allowed by installing the
software on the Vivid 7 scanner connected to the
hospital’s local area network. After the end of the exam-
ination, data were exported to the PaCentric server and
stored on an ordinary, password-protected laptop com-
puter by the cardiologist who performed all of the
analyses. Both local area networks and mobile telecom-
munication network solutions were used, depending on
the availability at the interpreter’s actual location.

The interpretation of the recordings by the out-
of-hospital cardiologist was performed in EchoPAC
SWO (version BT12; GE Healthcare). The out-of-
hospital cardiologist was blinded to all previous echo-
cardiographic recordings and patient histories. All
measurements reflect the average of at least 3 cardiac
cycles. The LV endocardial borders were traced in
end diastole and end systole in 4- and 2-chamber
views. The LV internal length was measured from
the traces and LV volumes (end-diastolic and end-
systolic), and the EF was calculated by biplanar
Simpson method. The LV internal diameter and wall
thickness were measured at the level of the tip of the
mitral leaflets in 2-dimensional grayscale recordings.
The LA endocardial border was traced in end systole
in 4- and 2-chamber views, and the volume was calcu-
lated by the area-length method and subsequently
indexed per square meter body surface area (left atrial
volume index [LAVI]). The pulmonary veins and the
LA appendage were not included in the trace. Mitral
inflow peak early (E) and late (A) velocities and the
early filling mitral deceleration time were measured in
pulsed wave Doppler recordings from the apical
4-chamber view. The peak velocity of the tricuspid
regurgitation was measured by continuous wave
Doppler imaging. Mitral annular peak systolic (S0) and
peak early diastolic (e0) longitudinal velocities were
assessed by pulsed-wave tissue Doppler imaging. The
ratio of the early mitral inflow to the early diastolic
mitral annular velocity (E/e0) was calculated. The LV
filling pressure was estimated according to recommen-
dations by the European Association of Cardiovascular
Imaging and the American Society of Echocardiogra-
phy, based on the LAVI, e0, E/e0, and peak velocity of
the tricuspid regurgitation for the HF subgroups as
normal or elevated.9
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Reference Echocardiography
Reference echocardiography was performed immedi-
ately after the nurses’ recordings by 1 of 4 in-house
physicians experienced in echocardiography (3 cardi-
ologists and 1 experienced resident in cardiology).
They were not blinded to medical histories or previ-
ous echocardiographic recordings from the patients.
However, they were blinded to the echocardiographic
examinations performed by the nurses and analyzed
by the out-of-hospital cardiologist by telemedicine.
The reference examinations were performed at the
same department but in another room. High-end
echocardiographic scanners (Vivid E9 and Vivid E95)
were used. The reference imaging included the same
recordings, and in addition, all other chambers and
valves were assessed. The echocardiographic measure-
ments were performed as indicated above.

Patient Flow
The patients were first examined by 1 of 3 registered
cardiac nurses, who immediately transferred the echo-
cardiographic data for further analyses by telemedicine.
The recordings obtained by the nurses were inter-
preted in near real time via the tele-echocardiographic
approach by an out-of-hospital cardiologist (Figure 1).
No further follow-up or ultrasound examinations of
the participants were performed during the study.

Before echocardiography, blood samples were
drawn the same day and analyzed at the in-hospital
accredited laboratory. Serum N-terminal pro-brain natri-
uretic peptide, serum creatinine, and estimated glomeru-
lar filtration rate (calculated by the Cockcroft-Gault
equation) values were measured for characterization of

Figure 1. Patient flow throughout the study. Patients with HF were examined by 1 of 3 specialist nurses and immediately after by 1 of 3 expert
echocardiographers. The images acquired by the nurses were interpreted and analyzed by an out-of-hospital cardiologist via telemedicine.

Table 1. Baseline Data of the 50 Study Participants

Parameter Value

Age, years 77 � 12 (62)
Women, n (%) 23 (46)
BMI, kg/m2 25.5 � 5.3 (28.3)
Systolic blood pressure, mm Hg 131 � 22 (101)
Diastolic blood pressure, mm Hg 76 � 11 (50)
NT-Pro-BNP, ng/L 4,320 � 7,014 (44,867)
eGFR, mL/min/1.73m2a 44 � 26 (126)
NYHA functional class 1.9 � 0.7 (3)
I (N) 12
II (N) 25
III (N) 7
IV (N) 1

Atrial fibrillation, n (%) 24 (48)
Diuretics, n (%) 42 (84)
Beta-blocker, n (%) 40 (80)
ACEI/ARB, n (%) 18 (36)

Data are presented as mean � SD (range) unless otherwise speci-
fied. ACEI/ARB indicates angiotensin-converting enzyme inhibitor/
angiotensin II receptor blocker; BMI, body mass index; eGFR, esti-
mated glomerular filtration rate; NT-Pro-BNP, N-terminal pro-B-type
natriuretic peptide; and NYHA, New York Heart Association.
aCockcroft-Gault equation.
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the population. The New York Heart Association func-
tional classification was scored by the nurses, and the
body weight (kilograms), body height (centimeters),
and blood pressure (millimeters of mercury) were mea-
sured. Anthropometric measurements were rounded up
to the nearest multiple of 1.

Statistical Analyses
Descriptive statistics were used for describing the
study population. Data are presented as mean � SD,
but data not following a normal distribution are

presented as median (range). Categorical data are
reported as numbers and percentages. The agreement
of the measurements by the telemedical approach and
reference was tested by Bland–Altman statistics, the
coefficient of variation, and the Pearson or Spearman
correlation coefficient. Proportions were analyzed by
the χ2 test. Agreement with respect to the correct HF
classification was analyzed by the weighted κ statistic.
Comparisons of means were tested by paired t tests
or the related-sample Wilcoxon signed rank test.
Two-sided P < .05 was considered statistically signifi-
cant. Semiquantitative data were further assessed by
calculations of sensitivity and specificity and negative
and positive predictive values. The association of the
type of HF with the correct classification of LV filling
pressures was analyzed by logistic regression analyses.

Results

Population
Baseline data for the 50 participants are shown in
Table 1. The mean age was 77 � 12 years; 46% were
women; and the mean body mass index was
25.6 � 5.9 kg/m2. The mean estimated glomerular

Table 2. Time Consumption for the Components of the
Tele-Echocardiographic Approach

Parameter Value

Time used from start echocardiography to
the finalized report, hours

1.32 � 0.36 (1.58)

Time used for echocardiographic
recordings by nurse, hours

0.48 � 0.25 (0.93)

Time used for transfer of
echocardiograms, hours

0.36 � 0.26 (1.20)

Time used from echocardiograms uploaded
to finalized report by cardiologist, hours

0.56 � 0.16 (1.20)

Time used for analyses of echocardiograms
by cardiologist, hours

0.20 � 0.06 (0.27)

Data are presented as mean � SD (range).

Table 3. Echocardiographic Indices by the Telemedical Approach and Reference Cardiologist

Parameter
ntele/
nref

Telemedical
Approach

Reference
Echocardiography

P for
Difference

LV end-diastolic volume, mL 48/49 113 � 39 115 � 49 .382
LVEF, % 48/50 42 � 12 43 � 11 .395
LV internal end-diastolic diameter, mm 49/50 49 � 8 52 � 10 <.001
LA end-systolic volume index, mL/m2 49/48 62 � 19 61 � 22 .689
Mitral early diastolic velocity, cm/s 48/50 85 � 41 84 � 41 .544
Mitral annular early diastolic velocity, cm/sa 50/48 6.1 � 2.3 5.7 � 2.3 .052
Mitral annular systolic velocity, cm/sa 50/48 4.8 � 1.3 4.8 � 1.3 .621
Mitral E/A ratio 28/28 1.67 � 1.22 1.43 � 0.91 .177
E/e0 ratioa 48/48 16.9 � 12.3 15.9 � 11.4 .562
Tricuspid regurgitation peak velocity, m/s 32/41 2.65 � 0.57 2.79 � 0.46 .018
LV end-diastolic length, mm 48/50 84 � 8 79 � 9 <.001
LA end-systolic length, 4Ch, mm 49/49 6.2 � 0.9 6.2 � 0.9 .641
IVS end-diastolic thickness, mm 49/48 11.1 � 3.0 10.3 � 2.7 .164
LV posterior wall end-diastolic
thickness, mm

49/49 11.1 � 2.9 10.2 � 2.9 .013

Pleural effusion, mmb 100/100 2.8 (0–60)b 2.9 (0–70)b .906b

Data are presented as mean � SD unless otherwise specified. LV and LA lengths are means of measurements from 4- and 2-chamber
views. 4Ch indicates 4-chamber view; IVS, interventricular septum; nref, numbers analyzed by the reference cardiologist; and ntele, numbers
analyzed by the telemedical approach.
aMean of peak septal and lateral tissue velocities.
bLeft and right pleural cavities were treated separately. The numbers relate to the millimeter distance from the diaphragm to the basal part of
the lung. In case of no effusion, the measurement is annotated as 0. Values are presented as mean (range).
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Figure 2. Bland–Altman plots illustrating the agreement between the telemedical approach and reference echocardiography for the LVEF
(A), LAVI (B), E/e0 ratio (C), and maximal tricuspid regurgitation pressure gradient (TR max P; D). The differences of the respective measure-
ments are plotted against the means of the measurements.

Table 4. Agreement Between Echocardiographic Indices by the Telemedical Approach and Reference Cardiologist

Parameter n (Pairs) Correlation (P) CoV, % Bias

LVEF 48 0.78 (.002) 11.7 1.0
LV end-diastolic volume 47 0.85 (<.001) 12.6 −3.3
LV internal end-diastolic diameter 49 0.80 (.01) 8.0 −3.6
LA end-systolic volume index 46 0.75 (.004) 14.8 0.7
Mitral early diastolic velocity 48 0.94 (<.001) 10.2 1.3
Mitral annular early diastolic velocity 48 0.82 (<.001) 12.8 0.3
Mitral annular systolic velocity 48 0.80 (.001) 10.9 −0.1
Mitral E/A ratio 21 0.88 (.001) 13.5 0.2
E/e0 ratio 46 0.88 (<.001) 16.7 −0.6
Tricuspid regurgitation peak velocity 31 0.71 (.007) 8.4 −0.2
LV end-diastolic length 48 0.74 (.004) 6.7 0.7
LA end-systolic length 49 0.72 (.006) 6.1 0.4
IVS end-diastolic thickness 48 0.62 (.02) 13.2 0.7
LV posterior wall end-diastolic thickness 48 0.60 (.03) 15.0 1.00
Pleural effusiona 100 0.88 (<.001) 0.1

Bias was measured as telemedical approach mean values minus mean reference values. CoV indicates coefficient of variation; and IVS,
interventricular septum.
aAs described in Table 3.
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filtration rate was 44 � 29 mL/min. Diuretics, beta
blockers, and angiotensin-converting enzyme inhibi-
tors/angiotensin II receptor blockers were used by
84%, 80%, and 36% of the population, respectively.
The low proportion of patients treated with
angiotensin-converting enzyme inhibitors/angiotensin
II receptor blockers was related to the high preva-
lence of renal failure in the population and the fact
that optimal HF therapy was not yet achieved.

Feasibility of Tele-Echocardiography
Table 2 shows the time used for the telemedical
approach. The mean duration of the examination by
the nurses from the start of echocardiography until the
report was finalized and reported back electronically by
the out-of-hospital cardiologist was 1.32 � 0.36 (range,
1.58) hours. Image transfer was efficient in most cases,
and delays were mainly due to technological difficulties
and occurred in 20 of 50 cases. Delays were primarily
caused by computer crashes and long downloads, lead-
ing to inaccessibility of images within reasonable time.

At the time of data transmission, the computer of
the out-of-hospital cardiologist was connected to the
Internet by fiber-optic cables in 30 (60%) examina-
tions, an asymmetric digital subscriber line in 9 (18%),
and wireless mobile networks (3G and 4G) in
11 (22%). The mean duration of transfer varied by the
mode of telecommunication, being shortest for fiber-
optic cables (0.32 � 0.25 [range, 0.07–1.27] hours),
followed by the asymmetric digital subscriber line
(0.35 � 0.20 [range, 0.10–0.67] hours) and wireless
mobile networks (0.48 � 0.28 [range, 0.22–1.22]
hours), respectively.

Comparison of the tele-echocardiographic data
with the reference measurements is shown in Table 3.
Feasibility was high for all indices, except for the mitral
E/A ratio and peak velocity of the tricuspid regurgita-
tion. Only the LV internal end-diastolic diameter, LV
internal end-diastolic length, LV posterior wall end-
diastolic thickness, and tricuspid regurgitation peak
velocity were significantly different between the
methods (P < .02). By tele-echocardiography, LV
endocardial borders in end diastole were under-
estimated by 3 mm (49 versus 52 mm), and LV length
was overestimated by 5 mm (84 versus 79 mm).

The agreements of measurements by telemedi-
cine and the reference for the EF, LAVI, maximal tri-
cuspid regurgitation gradient, and E/e0 ratio are

illustrated in Figure 2 and Table 4. The biases for the
different measurements were close to 0, and there
was no significant relationship between the errors and
the magnitudes of the measurements. Coefficients of
variation for the above-mentioned central indices
were all in the range of 6% to 15% (Table 4). The
correlations were high for all echocardiographic indi-
ces (r ≥ 0.71; P ≤ .007), except for measurements of
wall thickness, for which the correlations were moder-
ate for both the interventricular septum and the pos-
terior wall (both r ≥ 0.60; P ≤ .03). Pleural effusion
was revealed in a total of 9 pleural cavities by either
the reference or the telemedical approach. The latter
detected pleural effusion in 7 of 8 cavities in which
reference imaging results were positive.

Tele-echocardiography showed substantial agree-
ment with the reference for classification of the cate-
gory of HF, with a weighted κ of 0.73 (P < .001).
Importantly, no participants were misclassified between
rEF and pEF, but 17 cases were misclassified between
mEF and pEF or rEF. The LV filling pressure was
determined by the telemedical approach and reference
in 39 and 41 of the 50 cases, respectively, and in
31 cases, the filling pressure was determined by both
approaches (Figure 3). Among the misclassified cases,
HFpEF and HFmrEF were numerically more preva-
lent, including all cases by the telemedical approach
and 5 (71%) by reference.

Valvular disease was evaluated semiquantitatively.
The sensitivity and specificity for tele-echocardiography
to detect at least moderate mitral stenosis, mitral regur-
gitation, and tricuspid regurgitation were 100% and

Figure 3. Agreement of grading of LV filling pressure between the
telemedical approach and the reference method in 31 available
cases. Left ventricular filling pressures were assessed as high or
normal. “Under,” “equal,” and “over” refer to the comparison of the
LV filling pressure classification described by the telemedical
approach compared to the reference echocardiography.
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95% or higher, respectively. For detection of at least
moderate aortic stenosis (n = 8, but only 7 cases avail-
able for the analyses) the sensitivity was lower (43%)
but still with excellent specificity (97%).

Discussion

We are currently unaware of other studies evaluating
tele-echocardiography with recordings by nonphysician
personnel at a single geographic location combined
with near–real-time interpretation by a cardiologist at
another. The telemedical approach was feasible and
reliable in this HF population. The most important
finding of this study is that by using expert support
by telemedicine, more patients with HF can gain the
benefit of diagnostic ultrasound. Such an approach
may improve diagnostics and care when distance and
available resources matter.

The limited echocardiographic approach pres-
ented here may be used during the initial evaluation
of a patient with suspected HF, making information
available. Thus, the time delay to diagnosis can be
reduced by improving the basis for decisions on the
right workup. Importantly, the aim was not to replace
comprehensive echocardiography by this approach
but to evaluate whether telemedicine could support
clinical decision making when the echocardiographic
recordings were in the hands of inexperienced users.

The time spent on the echocardiographic record-
ings by the nurses was, on average, 0.5 hour and
within range of what is acceptable and feasible in the
everyday clinical practice for a nurse-lead outpatient
clinic. Similarly, the time spent for transfer, analyses,
and reporting was short and allows for implementa-
tion. Even though the time used for transfer of the
recordings depended on the local area network avail-
able, the approach was feasible for near–real-time
interpretation, also when a 3G/4G mobile network
was used. This was in line with previous studies.13

The out-of-hospital cardiologist’s categorization of
the type of HF via the telemedical approach was com-
parable to the in-hospital cardiologist’s reference
echocardiography. Thus, geographic challenges can
be overcome with the use of telemedicine for support
of dedicated health care personnel in remote areas
where traveling is a burden.14,15

The telemedical software used is approved and
complies with the regulations set by the Norwegian
Data Protection Authority. With this software, sensi-
tive data can be transferred and directly imported into
EchoPAC (GE Healthcare) software for analyses,
which presents a great advantage in simplifying the
work flow. Today, several vendors provide similar
software for transfer of imaging data, in accordance
with the European Union general data protection
regulations.

The three nurses performing the recordings had
undergone dedicated, but limited training. Their training
exceeded the recommendations for focused cardiac
ultrasound examinations but did not reach the level rec-
ommended for comprehensive echocardiography.16–18

In line with others, our results may add knowledge, and
consequently, more patients can benefit from the diag-
nostic yield of echocardiography. As shown both in HF
and other populations, diagnostic ultrasound may add
important information, even when those performing
the examinations have limited experience.8,19,20 In this
study, all patients were additionally examined by a
cardiologist, and the results indicate that echocardio-
graphic recordings by nurses combined with interpreta-
tion by a cardiologist add important information to the
clinical decision making. To evaluate the clinical benefit
of this approach, larger clinical studies are warranted.

As shown by the semiquantitative assessment of
valvular disease, more training of the users may be
needed to safely exclude valvular disease. Other stud-
ies evaluating handheld ultrasound devices by inexpe-
rienced users have also shown that evaluating valvular
disease may be challenging,15 and our group has pre-
viously shown that inexperienced users of diagnostic
ultrasound perform better in assessments of global
LV function than valvular assessments.21 However, a
valvular assessment was not the purpose of this study;
thus, the results presented are in line with what was
expected. The results highlight the need for dedicated
training in any given task for operators of diagnostic
ultrasound.

The telemedical calculations of dimensions, vol-
umes, and flow measurements were well in line with
reference measurements. Most differences were non-
significant. There were only small but significant dif-
ferences for the LV internal end-diastolic diameter,
end-diastolic length, and posterior wall end-diastolic
thickness (mean differences of 3, 5, and 0.9 mm,
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respectively) and tricuspid regurgitation peak velocity
(mean difference of 0.14 m/s). The data presented
are quite similar to what has been presented from
other studies evaluating test–retest variation of echo-
cardiographic indices.22–24 The agreement for correct
classification of the HF category was substantial, with
a κ of 0.73, and all of the inconsistencies between HF
classification by telemedicine and the reference
related to HFmrEF versus HFrEF or HFpEF. The
recently introduced new HF class HFmrEF has cau-
sed intense debate, as it is based on the idea that the
EF can correctly classify HF into different categories.
Furthermore, on the basis of the published repeatabil-
ity data from the Atherosclerosis Risk in Communi-
ties study, approximately 40% of patients will move
from HFmrEF to HFrEF or HFpEF in repeated ana-
lyses.25 The prevalence of HFpEF in the study popu-
lation was similar to what has been shown other HF
populations.4 The agreement with respect to estima-
tion of the LV filling pressure was good, with mis-
classification by the telemedical approach in only
17%. Studies performing similar tasks with repeated
echocardiograms are scarce, but our data were similar
to a study evaluating agreement between echocardi-
ographers in 105 single echocardiograms.26

The views and parameters included in the limited
echocardiographic examination were based on the
need for a proper assessment of a patient with HF,
allowing for classification of subtypes and an assess-
ment of the LV filling pressure. These are less than
what is recommended for a comprehensive echocar-
diogram but substantially more than what is included
in focused cardiac ultrasound.27,28

Very little research has been done in which person-
nel not previously skilled in echocardiography performed
echocardiographic recordings with interpretation by
specialists, but the results are promising when compared
to, for instance, the robotic-arm approach.27,29 This
approach differs from the training of echocardiography
technicians and sonographers, as the nurses did not per-
form quantitative analyses but only dedicated recordings
without interpretations of the recordings. The nurses
had years of clinical experience evaluating the volume
status with handheld ultrasound devices but had not per-
formed echocardiography until training for this study.8,30

This confirms previously shown results aiming to imple-
ment telemedicine to overcome geographic challenges.
Thus, a limited echocardiographic examination by

nonexperts can achieve quality that allows for a reliable
assessment.10,11 Considering the efforts and costs to
transport patients to a hospital with an available specialist
versus the efforts and costs of training nurses, the study
results can justify implementation into everyday clinical
practice.

Limitations
The aim of the study was to evaluate the LV function,
volume status, and indices important for classification
of subpopulations of HF. Thus, the results cannot be
generalized for other tasks. The agreement between
the methods for determination of an elevated filling
pressure was not validated invasively; thus, only the
agreement of the telemedical approach with the refer-
ence echocardiography could be assessed.

Most of the patients had previous echocardiographic
examinations at the same hospital. The reference cardiol-
ogist had access to previous echocardiographic record-
ings. The out-of-hospital cardiologist who performed the
interpretation of the nurses’ recordings was blinded to all
data from previous echocardiograms and medical
histories, and it is not likely that the reference echo-
cardiographic examination was influenced by previ-
ous echocardiography. Thus, we find it unlikely that
the knowledge of previous echocardiograms biased
the results, as the complete blinding of the tele-
medical cardiologist interpreting the echocardiograms
would, if having any influence, tend to introduce a
negative bias, which was not observed. The limited
echocardiograms recorded by nonexperts described
here should not be considered equal to comprehen-
sive echocardiography by experts. However, the goal-
directed examinations presented in this study add
valuable quantitative information for clinical decision
making, which may guide therapy beyond what is
achievable by semiquantitative cardiac ultrasound
from handheld devices.17,28

Conclusions
Tele-echocardiography, in the form of image acqui-
sition by registered cardiac nurses supported by
interpretation by a cardiologist, is feasible and pro-
vides reliable results of central indices for quantifica-
tion of left-sided cardiac size and function, HF
classification, and LV filling pressures. Implementing
tele-echocardiography at remote locations where
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echocardiography experts are not available may
improve diagnostics and therapy.
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ABSTRACT
Objectives  To evaluate the feasibility and reliability of 
hand-held ultrasound (HUD) examinations with real-
time automatic decision-making software for ejection 
fraction (autoEF) and mitral annular plane systolic 
excursion (autoMAPSE) by novices (general practitioners), 
intermediate users (registered cardiac nurses) and expert 
users (cardiologists), respectively, compared to reference 
echocardiography by cardiologists in an outpatient cohort 
with suspected heart failure (HF).
Design  Feasibility study of a diagnostic test.
Setting and participants  166 patients with suspected 
HF underwent HUD examinations with autoEF and 
autoMAPSE measurements by five novices, three 
intermediate-skilled users and five experts. HUD results 
were compared with a reference echocardiography by 
experts. A blinded cardiologist scored all HUD recordings 
with automatic measurements as (1) discard, (2) 
accept, but adjust the measurement or (3) accept the 
measurement as it is.
Primary outcome measure  The feasibility of automatic 
decision-making software for quantification of left 
ventricular function.
Results  The users were able to run autoEF and 
autoMAPSE in most patients. The feasibility for 
obtaining accepted images (score of ≥2) with automatic 
measurements ranged from 50% to 91%. The feasibility 
was lowest for novices and highest for experts for both 
autoEF and autoMAPSE (p≤0.001). Large coefficients of 
variation and wide coefficients of repeatability indicate 
moderate agreement. The corresponding intraclass 
correlations (ICC) were moderate to good (ICC 0.51–0.85) 
for intra-rater and poor (ICC 0.35–0.51) for inter-rater 
analyses. The findings of modest to poor agreement and 
reliability were not explained by the experience of the 
users alone.

Conclusion  Novices, intermediate and expert users 
were able to record four-chamber views for automatic 
assessment of autoEF and autoMAPSE using HUD devices. 
The modest feasibility, agreement and reliability suggest 
this should not be implemented into clinical practice 
without further refinement and clinical evaluation.
Trial registration number  NCT03547076.

INTRODUCTION
Heart failure (HF) is a severe condition 
with poor prognosis and reduced quality 
of life which constitutes a burden on the 

STRENGTHS AND LIMITATIONS OF THIS STUDY
	⇒ To our knowledge, no study has evaluated automat-
ic real-time quantification of left ventricular function 
on hand-held ultrasound devices by inexperienced 
users.

	⇒ The three user groups in this study had different 
levels of experience, ranging from no previous ex-
perience to expert level.

	⇒ The inexperienced operators were recruited by their 
role in the municipality and not based on motivation 
for attending the study.

	⇒ Due to the lack of a gold standard for evaluation of 
left ventricular function, echocardiographic mea-
surements by experienced cardiologists were used 
as reference.

	⇒ An error detected in the first software version of the 
automatic decision-making software for ejection 
fraction may have affected the results for the re-
vised software as well.

	⇒ The study sample is expected to provide adequate 
power for analyses.
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healthcare system with high costs and 26 million patients 
affected worldwide.1 2 Echocardiography is the corner-
stone imaging modality for HF diagnostics and patient 
follow-up. HF may be challenging to diagnose and it is 
shown that (in-training) cardiology fellows inaccurately 
interpret echocardiograms.3 Moreover, it is shown that 
a delayed HF diagnosis may be present in up to 40% of 
patients.4

Estimation of left ventricular (LV) ejection fraction 
(EF) is required for classification and treatment of HF.5 
Another robust and easily obtainable measure of LV func-
tion is mitral annular plane systolic excursion (MAPSE), 
which is quite sensitive for detection of LV dysfunction,6–8 
even when EF is preserved. Semi-automatic quantification 
of LV EF has been available for some time, but automatic 
quantification of MAPSE is not widely available.7

Hand-held ultrasound devices (HUD) have been widely 
implemented in the medical field over the last decade and 
are increasingly used by non-experts.9 So far, quantifica-
tion of LV size and function by HUDs has relied on visual 
evaluation only.10 Several studies have shown high feasi-
bility and reliability for inexperienced users performing 
simple tasks by HUDs.11–15 The experience and skill of the 
operator is essential for more advanced measures such as 
assessment of LV function.15 16 Automatic measurement 

of LV EF (autoEF) from apical HUD recordings are now 
commercially available, and a novel method for real-time 
automatic measurement of MAPSE (autoMAPSE) is avail-
able on the GE Vscan Extend (GE Ultrasound, Horten, 
Norway) for research purposes. This allows for real-time 
quantification of LV function by HUDs, and thus there is 
a need to evaluate the feasibility and reliability in clinical 
scenarios by different users before implementation into 
clinical practice.

We aimed to evaluate the feasibility and reliability of 
HUD examinations including real-time autoEF and 
autoMAPSE performed by users with different levels of 
experience in an outpatient cohort with suspected HF. 
Specifically, the novice, intermediate and expert groups 
were represented by general practitioners (GPs), regis-
tered cardiac nurses (RCNs) and experienced cardiolo-
gists, respectively. Comprehensive echocardiography by 
experienced cardiologists served as reference.

METHODS
Study design
Figure 1 indicates the flow of the study participants. The 
patients were examined by one of five GPs and by one 
of three RCNs at random order. GPs and RCNs were 

Figure 1  Study flow. AutoEF, automatic measurement of left ventricular ejection fraction; autoMAPSE, automatic measurement 
of mitral annular plane systolic excursion; GP, general practitioner; HUD, hand-held ultrasound device; RCN, registered cardiac 
nurse.
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blinded to each other’s results. Reference echocardiog-
raphy was performed by one of five cardiologists blinded 
to preceding examinations. An additional HUD examina-
tion was performed by the cardiologists (expert group). 
Due to logistic reasons, the first 29 patients were not 
examined by HUD by the cardiologist. No additional 
follow-up or ultrasound examinations of the participants 
were performed related to the study. The study was regis-
tered in the ​ClinicalTrial.​gov database (NCT03547076).

Participants
Patients referred to Levanger Hospital, Norway, with 
suspected HF were available for inclusion. Exclusion 
criteria were age <18 years, known HF and previous 
cardiac imaging within the last decade. Eligible patients 
were consecutively included from June 2018 to June 2020. 
Inclusion was paused from March to June 2020 due to the 
COVID-19 pandemic.

Training and education of personnel
The conductors of the study had no influence on the 
selection of GPs for the study who were selected by the 
municipality administration based on their position in 
the municipalities of Levanger and Verdal.

A total of six GPs underwent training in focused cardiac 
ultrasound by HUDs in accordance with the European 
recommendations.10 One dropped out due to change of 
occupation, and thus, five GPs participated in the study. 
All GPs underwent six in-hospital training days with one-
to-one supervision by one of two residents experienced 
in focused cardiac ultrasound, in addition to two evening 
lectures provided by experts in diagnostic ultrasound and 
echocardiography. The GPs had the opportunity to use 
a personal HUD without supervision from the first day 
of training, but for no longer than three months prior 
to inclusion. None of them received additional training 
prior to study start. On direct request, the GPs consid-
ered themself prepared to start inclusion. Only one of 
the six had performed focused ultrasound examinations 
prior to training (n=7 examinations), and thus, the group 
represents inexperienced users. They performed in total 
median (range) 46 (45–68) examinations prior to the 
first inclusion, where median (range) 10 (9–20) exam-
inations were unsupervised and 36 (31–43) supervised, 
respectively.

Three RCNs with experience from a nurse-led outpa-
tient HF clinic represented intermediate experienced 
users. They had experience in evaluation of pleural effu-
sion, the inferior caval vein and evaluation of clinical 
signs in patients with HF. Moreover, they had previously 
participated in studies with limited ultrasound examina-
tions of the heart.17 The RCNs had completed a total of 
median (range) 118 (74–221) limited echocardiographic 
examinations before patient inclusion, and therefore, 
they did not undergo the same systematic training as the 
GPs. They were instructed on how to use the HUD and 
initialise the autoEF and autoMAPSE software approxi-
mately four weeks prior to inclusion.

Five cardiologists experienced in echocardiography 
(median 18 (6–43) years of experience) were only 
instructed in how to initialise the automatic decision-
support software on the HUDs and were not provided any 
additional training. All cardiologists were certified by the 
national authorities.

Test method
Each patient underwent three HUD examinations in 
addition to the reference imaging. All HUD examina-
tions were performed by a Vscan Extend with a sector 
probe, and similarly, reference echocardiography by a 
Vivid E9 or E95 scanner (GE Ultrasound) with a 1.4–4.6 
MHz phased array transducer. All examinations were 
performed according to standard operating procedures 
and included four-chamber recordings of the LV. The 
protocol for the GPs included parasternal long-axis and 
short-axis views, apical four-chamber view, subcostal 
four-chamber view and evaluation of the inferior caval 
vein and the pleural cavities. The recording of the infe-
rior caval vein included both maximum and minimum 
dimension during normal breathing. Pleural cavities 
were assessed in the sitting position, and in case of 
pleural effusion craniocaudal images were recorded. 
RCNs recorded the same above-mentioned views, as 
well as apical two-chamber and apical long-axis views, 
right ventricular focused four-chamber view and atrial 
focused recordings. Additionally, RCNs recorded colour 
Doppler images of the mitral, aortic and tricuspid 
valve not related to the objectives of the current study. 
Cardiologists recorded the four-chamber view only 
by the HUD, but the reference echocardiography was 
comprehensive.18

For all HUD examinations, live cine-loops of at least 
one cardiac cycle were recorded. The software for autoEF 
or autoMAPSE implemented on the HUD was initialized 
by the user and the automatically analysed recordings 
were subsequently stored on the HUD. This was repeated 
aiming for six separate recordings for automatic analyses 
by autoEF (three recordings) and autoMAPSE (three 
recordings). All recorded views and analyses were stored 
and transferred without delay to a cloud-based server 
(Tricefy, Trice Imaging, California, USA).

Reference echocardiographic examinations were 
performed according to recommendations18 in a sepa-
rate room immediately after the examinations by the 
GPs and RCNs. All measurements reflect the average 
of at least three (five in the case of arrhythmia) cardiac 
cycles. Central methodology follows: all measurements 
were performed using EchoPAC, V.202 and V.203 (GE 
Ultrasound). The LV endocardial borders were traced 
in end-diastole and end-systole in four-chamber and 
two-chamber view. LV volumes (end-diastolic and end-
systolic) and EF was calculated based on the traces using 
the biplane Simpson’s method. MAPSE was measured 
as the longitudinal displacement of the mitral annular 
septal and lateral points in reconstructed motion mode.
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Details of the automatic tools for quantification of LV function 
and image analyses
Before storing of the four-chamber view recording, the 
specific application (autoEF or autoMAPSE) was initial-
ized on the HUD. The automatic measurements of LV 
volumes and EF were done by the commercially available 
LVivo application (DiA Imaging Analysis, Be’er Sheva, 
Israel). The software provides fully automatic edge detec-
tion and tracing of the endocardial border in standard 
apical four-chamber views throughout the cardiac cycle. 
LV volume was estimated at end-diastole and end-systole 
and EF was calculated from the volume estimates. MAPSE 
was estimated by an automated algorithm tracking the 
mitral annular septal and lateral points using a LV model. 
Technical details of the method are described in a previous 
paper.19 Shortly, a Real-time Contour Tracking Library 
(RCTL) was used to process and track the LV movement 
and images (GE, Vingmed, Norway) using a non-uniform 
rational B-spline model.20 The mitral annular septal 
and lateral points of the model were returned from the 
RCTL. The array of points were evaluated to locate the 
maximum mitral annular plane displacement. MAPSE 
was calculated at the septal and lateral mitral annular 
points and as averaged values. For both autoEF and auto-
MAPSE the four-chamber view recording with the overlay 
of the results from the automatic algorithm was stored as 
described above.

All HUD recordings were made available for blinded 
analyses by external cardiologists experienced in echo-
cardiography. These cardiologists scored all recordings 
with the automatic measurement overlay as one of the 
following categories: (1) discard (not for clinical use), 
(2) accept, but adjust the result according to suboptimal 
performance or (3) accept the result as it is. The scoring 
took both the quality of the recordings and the perfor-
mance of the application used into account. Thus, if the 
recording was not representative for a four-chamber view, 
the score was lower. The latter part of the scoring was 
based on identification and tracking of the endocardial 
border (autoEF), or mitral annular points (autoMAPSE) 
combined with the numerical output.

During the study we detected an error in the autoEF soft-
ware, so the LVivo app was revised by the vendor during 
the summer of 2019. In total, 103 were analysed with the 
first version of the autoEF software and 63 patients with 
the revised software.

Other measurements
Blood samples were drawn the same day and analysed 
at the in-hospital accredited laboratory. Serum N-ter-
minal pro-brain natriuretic peptide (NT-pro-BNP), 
serum creatinine and estimated glomerular filtration 
rate (calculated by the Cockcroft-Gault equation), as 
well as serum electrolyte (sodium and potassium) and 
haemoglobin (g/L) were measured. New York Heart 
Association (NYHA) functional classification was scored 
by the nurses and body weight (kg), body height (cm) 

and blood pressure (mm Hg) were measured. Anthro-
pometric measurements were rounded up to the nearest 
multiple of one.

Patient and public involvement
Patients were not involved in decisions regarding the 
research question or the outcome measures. However, 
the patient user group was involved in planning of the 
study period as well as the ways of informing the patients 
and the society of the study results.

Analyses
Continuous variables were expressed as mean and SD 
or as median and interquartile range (IQR) as appro-
priate. Evaluation of normality was done by evaluation of 
histograms and normality plots. Categorical variables are 
presented as frequencies and proportions. Student’s t-test 
and Wilcoxon test were used for comparison of groups 
when appropriate, analysis of variance with post-hoc least 
significant difference correction was used to compare the 
three user groups. A study was judged as feasible if the 
following two criteria were present: first, the user was able 
to acquire data with the fully automatic decision-support 
software; second, the cardiologists blinded score of the 
recordings with the automatic measurement overlay was 
at least 2 (indicating that the recording and automatic 
measurement was accepted for clinical use). Proportions 
were compared using the χ2 test and Fisher’s exact test 
when appropriate. Reliability of the measurements was 
evaluated by intraclass correlations (ICC), where values 
<0.5 were considered poor, 0.5–0.75 moderate, 0.75–0.9 
good and >0.9 excellent.19 The intra-rater reliability was 
calculated by a two-way mixed-effect model defined by 
absolute agreement in the dataset of single measure-
ments analysed by the automatic methods as repeated 
measurements from the same patient are assumed to be 
more similar to each other than measurements between 
patients.21 The inter-rater reliability was calculated with a 
two-way random model defined by absolute agreement in 
the dataset of average measurements analysed by the GPs, 
nurses and cardiologists by HUDs compared with refer-
ence. The agreement with reference echocardiography 
was evaluated by coefficients of variation, coefficient of 
repeatability indicating the minimal detectable change 
and Bland-Altman statistics. A p-value <0.05 was consid-
ered statistically significant. Sample size was calculated 
based on estimates of diagnostic precision using Sample 
Power (SPSS, Chicago, Illinois, USA). A sample size of 104 
was needed to detect a difference of <15% of correctly 
diagnosed patients with HF compared with reference. As 
the proportion of patients with HF was expected to be 
small, we adjusted to a sample size of 150. Due to the revi-
sion of the autoEF software, the sample size was further 
adjusted to 170 to account for the new software version. 
All statistical analyses were performed using IBM SPSS 
Statistics, V.27 (SPSS).
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RESULTS
Participants
Baseline characteristics are shown in table 1. In total, 185 
patients were invited to participate, 170 were included 
and four (n=4) were excluded (did not show up (n=1), 
cognitive failure (n=1), withdrawal of consent (n=2)). 
The 166 participants included (47% women), median 

(IQR) age 70 (63–78) years. NT-pro-BNP was above 125 
ng/L in 101 (61%) with an overall median (IQR) of 295 
(66–864)ng/L. More than half the population was in 
NYHA class ≥II (93 (55%)) and were obese or overweight 
(123 (74%)). Chronic pulmonary diseases were relatively 
rare (24 (15%)). Atrial fibrillation was known in 49 (29%) 
patients, and present at inclusion in 40 (23%).

Test results
Feasibility
The novices were able to record at least one four-chamber 
image with autoEF and autoMAPSE in 134 (80%) and 
153 (92%) patients, respectively. The corresponding 
numbers for the intermediate group were 151 (90%) 
and 161 (96%), respectively (difference vs novices, both 
p<0.001). The experts were able to obtain the same views 
using the HUD for autoEF in 91% of the cases and auto-
MAPSE in 99% (difference vs the intermediate group, 
both p<0.001).

The proportion of images judged as feasible (score of 
≥2) by the blinded cardiologist was lowest for novices, 
higher for the intermediate group and highest for experts 
for both autoEF and autoMAPSE (all p≤0.001, table 2). 
Overall, ≤53% of images with autoEF or autoMAPSE by 
novices were judged as feasible, compared with 84% and 
85% for autoEF and autoMAPSE by experts, respectively. 
In analyses taking the two versions of the autoEF algo-
rithm into account, the feasibility for autoEF improved 
after the revision for all examiners ranging from 68% for 
novices to 91% for experts (table 2). Only very few record-
ings with the automatic algorithm overlays were scored as 
3: ‘accept the result as it is’. In total, the numbers (%) 
for autoEF and autoMAPSE were 7 (2%) and 23 (5%) 
for novices, 13 (3%) and 52 (11%) for the interme-
diate group and 25 (7%) and 67 (17%) for experts. The 
proportion of recordings scored as 3 (‘result accepted as 
it is’) using autoEF was lower using the revised autoEF 
algorithm in novices and experts.

The time used for the focused cardiac ultrasound 
examination was mean (SD) 18 (7) min for novices and 
23 (7) min for the intermediate group. The time used for 
the six recordings with the automatic measurements were 
mean (SD) 4 min 34 s (2 min 20 s) for novices, 3 min 21 s 

Table 1  Baseline data, medications and comorbidities of 
the study population

Variable

Age, years 73 (63–78)

Women, n (%) 78 (47)

Body mass index (kg/m2) 28.7±5.3

Systolic blood pressure (mm Hg) 150±22

Diastolic blood pressure (mm Hg) 83±11

Glomerular filtration rate (mL/min)* 89 (68–109)

Haemoglobin (g/L) 144±15

N-terminal pro-brain natriuretic peptide 
(ng/L)

295 (66–864)

NYHA functional class

 � I, n (%) 63 (37)

 � II, n (%) 80 (47)

 � III, n (%) 12 (7)

 � IV, n (%) 11

Diuretics, n (%) 41 (25)

Beta-blockers, n (%) 51 (31)

ACE inhibitor or angiotensin receptor 
blocker, n (%)

32 (19)

Atrial fibrillation, n (%) 49 (29)

Chronic obstructive pulmonary disease/
asthma, n (%)

26 (16)

Diabetes mellitus type 2, n (%) 23 (14)

Coronary artery disease, n (%) 19 (11)

Normally distributed data are expressed as mean±SD. Skewed 
data are presented as median (IQR). Proportions are presented as 
n (%). Medications refer to the current use.
*Calculated by the Cockcroft-Gault equation.
NYHA, New York Heart Association.

Table 2  Feasibility (ie, score ≥2) for the combinations of image recording and the use of automatic applications

Hand-held ultrasound operator

GP (novice) RCN (intermediate) Cardiologist (expert)

AutoEF, all patients 205/400 (51%) 296/442 (67%) 298/357 (84%)

AutoEF, first software version 100/246 (41%) 149/270 (55%) 148/193 (77%)

AutoEF, revised software version 105/154 (68%) 147/172 (85%) 150/164 (91%)

AutoMAPSE, all patients 248/471 (53%) 335/467 (72%) 333/391 (85%)

Data are presented as number of feasible/available recordings (%). Feasible recordings were defined as score of ≥2 (ie, accepted with or 
without need for adjustments by the blinded cardiologist).
AutoEF, automatic measurement of left ventricular ejection fraction; AutoMAPSE, automatic measurement of mitral annular plane systolic 
excursion; GP, general practitioner; RCN, registered cardiac nurse.
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(1 min 52 s) in the intermediate group and 2 min 21 s (1 
min 19 s) for experts, respectively.

Reliability
Table 3 shows the agreement of autoEF and autoMAPSE 
by the different users with reference. In short, the large 
coefficients of variability and large coefficients of repeat-
ability for all three user groups indicate poor agreement 
of the automatic applications compared with reference. 
There was only a modest difference with respect to agree-
ment between the operators. The minimal detectable 
change estimated from the coefficient of repeatability 
for autoEF and autoMAPSE ranged 24.2%–21.5% points 
and 5.0–4.1 mm, respectively. After revision of the autoEF 
software, the minimal detectable change was somewhat 
improved but was still approximately 20% points.

Table 4 shows that intra-rater ICCs were moderate for 
all user groups with values <0.75 for all except for auto-
MAPSE by the intermediate group (0.85) and experts 
(ICC 0.83). The intra-rater ICC for autoEF was highest 
for experts, with ICCs for the three groups ranging 0.51–
0.72. The intra-rater ICC for autoMAPSE was lowest for 
novices and highest for experts, with ICC ranging 0.70–
0.85, respectively.

The inter-rater ICCs were poor (≤0.51) for both auto-
matic decision support software and all users. Inter-rater 
ICC for autoEF was highest for experts, with ICCs for 

Table 3  Mean values and the agreement of automatic hand-held ultrasound measurements of left ventricular function 
compared with reference

Hand-held ultrasound operator Reference 
echocardiographyGP (novice) RCN (intermediate) Cardiologist (expert)

Mean and agreement, autoEF (all recordings)

 � Mean (SD), %* 51.7 (10.1) 52.9 (9.6) 53.3 (9.5) 53.4 (10.1)

 � Coefficient of variation, % 15.4 13.3 12.0 –

 � Coefficient of repeatability, %* 24.0 24.2 21.5 –

Mean and agreement, autoEF (first software version, n=107)

 � Mean (SD), %* 52.6 (11.6) 54.2 (10.3) 55.0 (10.4) 53.5 (10.0)

 � Coefficient of variation, % 14.8 13.5 11.2 –

 � Coefficient of repeatability, %* 24.7 24.6 21.4 –

Mean and agreement, autoEF (revised software version, n=63)

 � Mean (SD), %* 50.8 (8.4) 51.0 (8.3) 51.6 (8.1) 54.7 (9.6)

 � Coefficient of variation, % 16.0 13.1 12.9 –

 � Coefficient of repeatability, %* 20.6 20.6 19.8 –

Mean and agreement, autoMAPSE (all patients)

Mean of septal and lateral position

 � Mean (SD), mm 9.8 (2.4) 10.1 (2.6) 10.2 (2.5) 11.4 (2.9)

 � Coefficient of variation, % 24.3 20.5 18.9 –

 � Coefficient of repeatability, mm 5.0 4.8 4.1 –

Comprehensive echocardiography by experienced cardiologists used as reference.
*% points.
AutoEF, automatic measurement of left ventricular ejection fraction; AutoMAPSE, automatic measurement of mitral annular plane systolic 
excursion; GP, general practitioner; RCN, registered cardiac nurse.

Table 4  Intra-rater and inter-rater reliability of automatic 
measurements of left ventricular function by HUD according 
to operators

HUD measurements by

GP 
(novice)

RCN 
(intermediate)

Cardiologist 
(expert)

Intra-rater ICC

 � AutoEF 0.58* 0.51 0.72

 � AutoMAPSE 0.70* 0.85 0.83

Inter-rater ICC

 � AutoEF 0.44 0.43 0.51

 � AutoMAPSE 0.35 0.44 0.51

ICC calculated from single recordings per patient with automatic 
quantification of left ventricular function. Inter-rater ICC based on 
average values per patient and operator.
ICC of two repeated measures as only few patients had three 
repeated measures of autoEF (n=38) and autoMAPSE (n=50), 
respectively.
AutoEF, automatic measurement of left ventricular ejection fraction; 
AutoMAPSE, automatic measurement of mitral annular plane 
systolic excursion; GP, general practitioner; HUD, hand-held 
ultrasound device; ICC, intraclass correlation; RCN, registered 
cardiac nurse.
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the three groups ranging 0.43–0.51. The inter-rater ICC 
for autoMAPSE was lowest for novices and highest for 
experts, with ICC ranging 0.35–0.51, respectively.

Figure 2 shows the Bland-Altman plots for HUD record-
ings with autoEF and autoMAPSE compared with refer-
ence according to user groups. Similarly, figure 3 shows 
images accepted (score 2 or 3) by the blinded cardiolo-
gist. Overall, the agreement was poor to moderate. We 
found no association of size of the measurement with 
agreement, but the limits of agreement were lower for 

the most experienced users (also shown in table 3) and 
after excluding the images deemed too poor for clinical 
use (figure 3).

DISCUSSION
This is to our knowledge the first study to evaluate the 
feasibility and reliability of real-time automatic decision-
support software for quantification of LV function by 
HUDs across novices, intermediate experienced users 

Figure 2  Bland-Altman plots illustrating the agreement between all autoEF and autoMAPSE recordings taken by GPs, 
RCNs and cardiologists compared to reference echocardiography for all recordings with automatic decision-support software 
irrespective of image score. Upper panel: autoEF by (A) GPs, (B) RCNs and (C) Card compared with reference. Lower panel: 
autoMAPSE by (D) GPs, (E) RCNs and (F) Card compared with reference. AutoEF, automatic measurement of left ventricular 
ejection fraction; autoMAPSE, automatic measurement of mitral annular plane systolic excursion; Card, cardiologist; GP, general 
practitioner; RCN, registered cardiac nurse.

Figure 3  Bland-Altman plots illustrating agreement between the autoEF and autoMAPSE in recordings deemed acceptable 
for clinical use by evaluation of the blinded cardiologist (blinded image score ≥2). Upper panel: autoEF recorded by (A) GPs, 
(B) RCNs and (C) Card. Lower panel: autoMAPSE by (D) GPs, (E) RCNs and (F) Card. AutoEF, automatic measurement of left 
ventricular ejection fraction; autoMAPSE, automatic measurement of mitral annular plane systolic excursion; Card, cardiologist; 
GP, general practitioner; RCN, registered cardiac nurse.
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and experts. The main findings were: first, that the feasi-
bility of the applications was acceptable, even though 
being highest among experts and second, the agreement 
with reference was poor to moderate, and even for the 
experts the agreement and reliability were barely within 
the ranges recommended for clinical use.

Participants
The study population represents patients referred for 
cardiac examination to rule-in or rule-out HF in everyday 
clinical practice. The novices underwent limited, but 
dedicated training. The intermediate group used focused 
cardiac ultrasound in their clinical practice, and the 
experts were experienced in echocardiography and the 
use of HUDs. The training of novices, as well as lack of 
additional training for the more advanced user groups, 
was in line with comparable studies and present recom-
mendations.10 22 23 Most of the patients were overweight 
or obese and comorbidities such as atrial fibrillation and 
hypertension were common. Thus, both poor acoustics 
and atrial fibrillation (present at examination in 24%) 
could interfere with image acquisition and the precision 
of the automatic measurements.

Feasibility
The ability to run the automatic decision-support software 
was high for autoEF and autoMAPSE with >80% and >92% 
success rate for performance by all user groups when no 
quality assessment of the recorded image or performance 
of the applications was performed. The proportions were 
lowest for the novices and highest for the experts. The 
feasibility of the autoEF application significantly improved 
after revision. However, after blinded quality assessment 
by the external cardiologist the feasibility was markedly 
impaired for both applications. In novices, 35%–40% of 
the automatic decision-support software recordings were 
not recommended for clinical use. In the intermediate 
group and experts, the corresponding proportions were 
approximately 20% and 10%, respectively. Additionally, 
the proportion of images where the operators were able 
to run the autoEF software was somewhat lower with the 
second version of the software, which may be caused by 
stricter rules for when the algorithm succeeded. Recently, 
automatic quantification of LV EF has been evaluated in 
a couple of studies by experienced users.15 24 One study 
evaluated the same autoEF software operated by a cardi-
ology fellow trained in advanced echocardiography for 
six months prior to study start. There the automatic LV 
quantification succeeded in 76 of 112 patients (68%).24 In 
our study, the feasibility of the autoEF application signifi-
cantly improved after revision for all user groups. This 
finding indicates that the training effect was minimal. Our 
findings also highlight the importance of comprehensive 
evaluation of diagnostic decision-support software before 
implementation into clinical practise. This also applies 
to revised versions of the decision-support software and 
not only before introduction to the market. Additionally, 
the proportion of recordings with the highest possible 

score in blinded evaluation by the external cardiologist 
was somewhat lower after revision of the autoEF software. 
The time consumption for the complete HUD examina-
tions was on average 18–23 min for novices and the inter-
mediate group, which we believe is acceptable in selected 
cases in the everyday practice with significant potential 
for clinical benefit. However, the time used was higher 
than in previous publications evaluating focused cardiac 
ultrasound by HUDs performed by more experienced 
users.11 15 25

The intra-rater and inter-rater ICCs for novices and the 
intermediate group were mainly lower than what would 
be recommended for clinical use (commonly used cut-off 
of 0.75).26 For experts the ICCs were somewhat higher, 
but compared with reference only 0.51, and in intra-rater 
analyses 0.72–0.83, respectively. In a recent publication 
using another HUD platform by a single cardiologist for 
automatic quantification of LV EF the ICC was 0.91.15 Even 
though the presented data are not directly comparable, 
they may indicate that reliability was somewhat lower in 
the present study, even when the autoEF software was 
used by experienced cardiologists in the current study. 
Furthermore, we find that image quality and operator 
experience alone cannot fully explain the moderate intra-
operator reliability among the experienced cardiologists. 
Future studies must address how the next-generation 
automatic analyses of LV function will perform across 
users of varying level of experience.

The agreement was poor for automatic measurements 
of EF and MAPSE for all users. Even though the bias for 
autoEF was lower for the most experienced users, the 
agreement was poor to moderate for all user groups. In 
the recent publications by Filipiak-Strzecka and Papa-
dopoulou, the lower–upper limits of agreement with 
reference were −10–12 (EF %) and −16–13 (EF %), 
respectively.24 27 Thus, both studies found somewhat better 
agreement for LV EF compared with the presented limits 
of agreement as shown in figures  2 and 3, but neither 
the design nor the presented data are directly compa-
rable. For autoMAPSE, the underestimation compared 
with reference was consistent and replicates the findings 
from a previous study by our group.19 This highlights that 
the cut-off for pathology is not interchangeable between 
different methods. Suboptimal image acquisition by less 
experienced users partially explains the difference across 
user groups. Importantly, the agreement and reliability 
were suboptimal also in experts which indicate that the 
decision-support software needs refinement before incor-
poration as a reliable tool in everyday clinical practice. 
The latter is of special importance before implementa-
tion by less experienced operators.

The patients’ perspective
From the patients’ perspective it is important to provide 
correct diagnosis, and thus, treatment as soon as possible. 
Fast and precise diagnostics may reduce patient suffering 
and improve the quality of care. Moving advanced diag-
nostics to the patients’ point-of-care may shorten time to 
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diagnosis and improve care. As indicated by this study, 
it is of utmost importance to thoroughly evaluate novel 
methodology before implementation into clinical prac-
tice, since further diagnostic workup may be delayed in 
case of false negative findings.

Strengths and limitations
The main strengths of this study design is the use of blinded 
examinations of the consecutive patients by three different 
user groups ranging from trained novices to experts, blinded 
review of the feasibility of the automatic algorithms’ perfor-
mance and the use of similar HUDs equipped with two 
relevant automatic decision-support software. The real-time 
automatic quantification of LV function on HUDs by inex-
perienced users with real-time feedback has to our knowl-
edge not been done before. Furthermore, the novices were 
recruited by the municipality based on their role at various 
healthcare institutions and not on personal motivation to 
attend the study. This improves the generalisability but may 
have impaired the performance of the novices compared 
with the more experienced user groups. The adequate 
power of the study is another strength.

The most important limitation relates to the lack of 
a gold standard for evaluation of LV function. Thus, 
measurements of LV function by HUDs were compared 
with the experts’ comprehensive echocardiographic 
measurements. However, the feasibility and reliability 
across groups are less influenced by the lack of a gold 
standard. Further, we believe that the blinded evaluation 
of all recordings with the automatic decision-support 
overlay provides valuable insight into the performance 
of the HUD and the automatic decision-support software 
across user groups. Another limitation which may have 
influenced the performance of the autoEF software is 
related to internal error of the first software version which 
was detected during blinded image analyses. The reduced 
performance of the first version may particularly have 
challenged the less experienced users and may also be of 
importance after software revision. However, the perfor-
mance of the revised software (among experts) indi-
cates that the automatic decision-support software needs 
further refinement before broad clinical implementation.

CONCLUSION
Novice GPs, intermediate experienced RCNs and expert 
cardiologists were able to perform automatic analyses 
of LV function by automatic decision-support software 
implemented on HUDs. However, these automatic 
measurements showed poor to moderate agreement with 
reference and modest reliability. While this study is a 
step in the right direction using novel technology to aid 
healthcare providers in diagnostic decision-making, there 
is a need for more reliable methods before large-scale 
implementation into clinical practice.
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ABSTRACT
Background and objectives  Echocardiography is the 
cornerstone of heart failure (HF) diagnosis, but expertise 
is limited. Non-experts using handheld ultrasound devices 
(HUDs) challenge the clinical yield. Left ventricular (LV) 
ejection fraction (EF) is used for assessment and grading 
of HF. Mitral annular plane systolic excursion (MAPSE) 
reflects LV long-axis shortening. Automatic tools for 
quantification of EF (autoEF) and MAPSE (autoMAPSE) are 
available on HUDs. We aimed to explore the importance 
of user experience and image quality for autoEF and 
autoMAPSE on HUDs, and how image quality influences 
the feasibility, agreement and reliability in patients with 
suspected HF.
Methods  General practitioners, registered cardiac nurses 
and cardiologists represented the novice, intermediate 
and expert users, respectively, in this diagnostic accuracy 
study. 2543 images were evaluated by an external, blinded 
cardiologist by a five-parameter, prespecified score (four-
chamber view, LV alignment, apical mispositioning, mitral 
annular assessment and number of visible endocardial 
segments) graded 0–6.
Results  Feasibility was higher with increasing image 
quality. In all recordings, irrespective of user, the average 
image quality score and the five prespecified scores were 
associated with the feasibility of autoEF and autoMAPSE 
(all p<0.001). Image quality was more important for 
the feasibility of autoMAPSE than autoEF. Image quality 
was not important for the agreement of autoEF (R2 2%) 
and autoMAPSE (R2 7%). Combining all user groups, the 
reliability was lower with larger within-patient variability 
in image quality of the repeated recordings (p≤0.005). 
Similar associations were not found in user group specific 
analyses (p≥0.16). Patients’ characteristics were only 
weakly associated with image quality score (R2≤4%).
Discussion  Image quality was important for feasibility 
but does not explain the low agreement with reference or 
the modest within-patient reliability of automatic decision-

support software on HUDs for all user groups in patients 
with suspected HF.

INTRODUCTION
Echocardiography is the cornerstone for 
diagnosis and follow-up of heart failure (HF), 
but echocardiographic expertise is limited 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Handheld ultrasound devices (HUDs) have been 
used by non-experts for a decade, while decision 
support software to aid in evaluation of cardiac 
function is recently introduced.

	⇒ In patients with suspected heart failure, we aimed 
to study how user experience and image quality in-
fluenced automatic quantification of left ventricular 
function with respect to feasibility, agreement and 
reliability.

WHAT THIS STUDY ADDS
	⇒ Image quality was positively associated with fea-
sibility across inexperienced general practitioners, 
intermediate experienced registered cardiac nurs-
es and experienced cardiologists. However, image 
quality did not explain a modest agreement and re-
liability of the automatic decision support software 
for quantification of ejection fraction and mitral an-
nular excursion.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Further refinement of the automatic decisionsupport 
software is needed before implementation into clin-
ical practice.
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to a few selected occupational groups. Left ventricular 
(LV) ejection fraction (EF) is widely used for assessing 
HF and grading of the severity.1 Furthermore, mitral 
annular plane systolic excursion (MAPSE) is a sensitive 
and robust measure reflecting LV long-axis shortening 
and is less dependent on echogenicity.2 Image quality is 
a mandatory prerequisite for a correct diagnosis by echo-
cardiography where patient specific factors (eg, obesity, 
hyperinflated lungs and arrhythmias) will impair the 
acoustic environment and complicate image acquisition 
irrespective of the user’s experience.2 In addition, the 
users’ experience may interfere with image quality.3 Non-
experts commonly use hand-held ultrasound devices 
(HUDs), which challenges the clinical yield of ultrasound 
diagnostics.4 Advances in user support as real-time auto-
matic measurements of cardiac structure and function 
may improve the diagnostic yield for non-experts, but 
initial results are conflicting.5–7 How user characteristics 
and the quality of the recorded images influence the 
feasibility and reliability of automatic decision support 
software is not well known. To our knowledge, no study 
has explored the importance of user experience and 
image quality for quantification of EF (autoEF) and 
mitral annular systolic plane excursion (autoMAPSE) by 
HUDs.

The aim of this study was to evaluate how the users’ expe-
rience may influence image quality of HUD recordings. 

In addition to how various categories of image quality 
may influence the feasibility, agreement and reliability of 
real-time automatic decision support software for quanti-
fication of LV function by HUDs.

METHOD
Population and study design
Patients with suspected HF referred for cardiac evaluation 
at Levanger Hospital, Norway, were invited to take part in 
the study. Exclusion criteria were age <18 years, previous 
cardiac imaging within the last decade and known HF. 
The inclusion period was between June 2018 and May 
2020, including a pause from March to May 2020 due 
to the COVID-19 pandemic. All participants gave their 
informed, verbal consent prior to inclusion and written 
consent the day of inclusion.

The general practitioners (GPs) were selected by the 
municipality administration based on their previously 
defined positions in municipality organised healthcare. 
The registered cardiac nurses (RCNs) were chosen 
according to their position at the outpatient HF clinic 
at Levanger Hospital, where all available RCNs partici-
pated. All available board-certified cardiologists holding 
a position at Levanger Hospital participated as reference 
examiners. The participants were chosen irrespective 
of personal motivation and previous experience with 

Figure 1  Patient flow through the study. Illustration of the patient inclusion, exclusion and order of examination throughout 
the study. In total, 160 patients were included. The first 29 patients were not examined with automatic HUD applications by 
the cardiologists due to logistic reasons. Abbreviations:AutoEF, automatic measurement of left ventricular ejection fraction by 
decision-support software; GP, general practitioner; HUD, handheld ultrasound device; autoMAPSE, automatic measurement of 
mitral annular plane systolic excursion by decision-support software; RCN, registered cardiac nurse.
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ultrasound. As shown in figure 1, the study participants 
were examined at random order by one of five GPs and 
one of three RCNs blinded to their respective results. One 
of five cardiologists performed comprehensive echocardi-
ography serving as the reference method, as well as apical 
HUD recordings for comparison. All users used the deci-
sion support software for automatic measurements of LV 
function by the HUDs; however, the first 29 patients were 
not examined by HUD by the cardiologists due to logistic 
reasons. There were no other examinations organised by 
the study.

Training and education
Details of training and education are comprehensively 
described previously.8 In short, the GPs, RCNs and cardi-
ologists represented the novice, intermediate and expert 
operators, respectively. The novices (n=6) underwent 
six days of one-to-one training supervised by one of two 
experienced cardiology fellows in addition to two evening 
lectures. They had access to private HUDs in their day-
to-day practice for the whole training and inclusion 
period. Only one of the GPs had previous experience 
with ultrasound diagnostics (only seven examinations). 
One GP changed occupation and did not take part in the 
study leaving five GPs for the analyses. The intermediate 
group (n=3) were experienced in evaluation of pleural 
effusion, the inferior vena cava and limited ultrasound 
examinations of the heart.5 Thus, they did not undergo 
systematic training, but were instructed on how to use the 
HUDs and initialise the automatic algorithms approxi-
mately four weeks prior to inclusion. The expert group 
consisting of in-house cardiologist experienced in echo-
cardiography (n=5) were instructed at the day of inclu-
sion on how to use the automatic measurements but did 
not receive any further instructions or training.

Ultrasound examinations
The study specific protocol has been described previ-
ously.8 All participants underwent three HUD examina-
tions using a VScan Extend (GE Ultrasound AS, Horten, 
Norway) in addition to the reference echocardiography 
(Vivid E9 or E95 scanner, GE Ultrasound AS). All HUD 

Figure 2  Examples of satisfactory and unsatisfactory 
decision support software results for ejection fraction and 
mitral annular plane systolic excursion. All images had an 
average score ≥5.6. (A) Satisfactory autoEF measurement 
with corresponding values. (B) Unsatisfactory autoEF 
measurement with values not reflecting true LV function. (C) 
Satisfactory autoMAPSE measurement with corresponding 
values. (D) Unsatisfactory autoMAPSE measurement with 
values not reflecting the true LV function. autoEF, automatic 
measurement of left ventricular ejection fraction by 
decision support software; autoMAPSE autoEF, automatic 
measurement of left ventricular mitral annular plane systolic 
excursion by decision-support software; LV, left ventricle.

Table 1  Image quality score

Score value 0 1 2 3 4 5 6

Four-chamber view Two-chamber view, 
long axis view or 
others

Five-chamber view or 
posterior four-chamber 
view

Four-chamber view

LV alignment (misalignment) ≥45° 30°–44° 15°–29° <15

Apical mispositioning ≥15 mm <15 mm None

Mitral annular assessment Not judgeable Poor Fair Good Near excellent Excellent

Number of visible endocardial 
segments

One Two Three Four Five Six

This table represents five prespecified categories used to evaluate the image quality with the applied automatic decisionsupport 
software. Scores 0–6 were given for each category. The mean of each score per image stands for the overall quality of the image.
LV, left ventricular.
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recordings by the three different user groups included 
apical four-chamber recordings with the addition of fully 
automated measurements of EF and MAPSE. All users 
ideally performed three separate recordings per auto-
matic algorithm, a total of six four-chamber recordings 
per patient. The decision support software (autoEF or 
autoMAPSE) was then applied for fully automated meas-
urements after each recording, and the analysed record-
ings were stored on the HUD. Subsequently, the record-
ings automatically transferred and stored on the Tricefy 
secure cloud-based server (Trice Imaging Inc, California, 
USA).

One of five cardiologists performed reference 
echocardiography on all patients in accordance with 
international recommendations for standardised echo-
cardiographic examination.9 LV endocardial borders 
were traced at end-diastole and end-systole in the four 
and two chamber views, and LV volumes and EF were 
calculated by the Simpson’s biplane method. The mitral 
annular septal and lateral points in four-chamber views 
using motion mode measures MAPSE. All measurements 

were performed using EchoPAC SW Only, versions 202 
and 203 (GE Ultrasound).

Automatic tools for quantification of LV function and image 
analysis
Details of the fully automated decision support soft-
ware for quantification of LV function (autoEF and 
autoMAPSE) have been described elsewhere.7 8 10 Shortly, 
the automatic measurements of LV end-diastolic volume 
(EDV), end-systolic volume and EF was done by the 
commercially available artificial intelligence aided LVivo 
EF software (DiA Imaging Analysis, Be’er Sheva, Israel). 
Fully automated tracing of the endocardial border in four-
chamber recordings estimated LV volumes (figure  2). 
EF was calculated from the LV volume estimates based 
on the traces. The fully automated autoMAPSE software 
tracked the septal and lateral points of the mitral annulus 
in four-chamber recordings, and MAPSE was calculated 
as the average displacement of the septal and lateral 
points (figure 2).7

Image quality assessment
Image quality was evaluated by an external cardiologist 
experienced in echocardiography blinded to details of 
the operators and patients. All HUD recordings including 
either automatic desision-support software was reviewed. 
The image quality was scored by evaluating five prespec-
ified categories, and the mean of the scores represents 
the averaged image quality score (table 1). Additionally, 
the external reviewer evaluated whether the automatic 
measurements were recommended for clinical use based 
on: (1) the image quality scores, (2) the quality of the 
tracking of the endocardial border for autoEF or the 
mitral annular points for autoMAPSE, respectively, and 
(3) the performance and numerical output of the autoEF 
and autoMAPSE algorithms. This was scored as following: 
(1) discard measurement (not for clinical use); (2) 
accept, but needs adjustment of the result due to subop-
timal performance of the automatic software; (3) accept 
as it is.

During preliminary analyses by our group, detection of 
a system error in the autoEF software initiated a software 
revision by the vendor (LVivo EF, DiA Imaging Analysis, 
Be’er Sheva, Israel). The first 103 patients were examined 
with the first version of the autoEF software (version 1), 
and the following 63 patients were examined with the 
revised software (version 2).

Other data
Anthropometric measurements (body weight (kg), body 
height (cm) and blood pressure (mm Hg)) were meas-
ured, and New York Heart Association functional classi-
fication was scored by nurses the day of inclusion. Blood 
samples at the day of inclusion were analysed at the 
in-hospital accredited laboratory.

Statistics
Continuous variables were expressed as mean and SD 
or as median and IQR as appropriate. Normality was 

Table 2  Baseline data, medications and comorbidities of 
the study population

Variable

Age, years 73 (63–78)

Women, n (%) 78 (47)

Body mass index (kg/m2) 28.7±5.3

Systolic blood pressure (mm Hg) 150±22

Diastolic blood pressure (mm Hg) 83±11

Glomerular filtration rate (mL/min)* 89 (67-89)

Haemoglobin (g/L) 144±15

N-terminal probrain natriuretic peptide (ng/L) 295 (66–864)

NYHA functional class, n (%)

 � I 63 (37)

 � II 80 (47)

 � III 12 (7)

 � IV 1 (1)

Diuretics, n (%) 41 (25)

Beta blockers, n (%) 51 (31)

ACE inhibitor or angiotensin-receptor blocker, n (%) 32 (19)

Atrial fibrillation diagnosis, n (%) 49 (29)

Atrial fibrillation at day of inclusion, n (%) 40 (24)

COPD/asthma, n (%) 26 (16)

Diabetes mellitus type 2, n (%) 23 (14)

Coronary artery disease, n (%) 19 (11)

Normal distributed data are expressed as mean±SD, skewed 
data are presented as median (IQR) and proportions are n (%). 
Medications listed refer to the current use.
*Calculated by the Cockcroft-Gault equation.
COPD, chronic obstructive pulmonary disease; NYHA, New York 
Heart Association.
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evaluated by histograms and Q–Q plots. Categorical 
variables were presented as frequencies and propor-
tions. Student’s t-test and Wilcoxon test were used for 
comparison of groups as appropriate. Proportions 
were compared using the χ2 test and Fisher’s exact test 
as appropriate. McNemar’s test was used to compare 
paired nominal data. Repeated measure analysis of 
variance with post hoc Bonferroni correction was used 
to analyse variance in the groups. The influence of 
the image quality parameters with performance of the 
automatic applications, as well as patients’ character-
istics, was evaluated by logistic regression and general 
linear models as appropriate. The importance of image 
quality for feasibility and agreement with reference was 
first evaluated on the whole dataset of images from all 
three users and within the three user groups. The agree-
ment with reference was assessed at the level of all avail-
able automatic measurements. The importance of the 
different image quality category for the within-patient 
reliability of the automatic applications was evaluated 
using the maximum difference in measurements of 
autoEF and autoMAPSE and the maximum difference 
in image quality scores. Analyses were performed in the 
whole dataset and within user groups. A p value <0.05 
was considered statistically significant. All statistical 

analyses were performed using IBM SPSS Statistics, V.28 
(SPSS Inc).

Initial calculations of sample size were 104 patients esti-
mated by Sample Power (SPSS, Inc) based on diagnostic 
performance; however, in such a small population signif-
icant pathology would be scarce. Therefore, to account 
for likely low rate of pathological findings, the sample was 
expanded to 150 patients. Preliminary analyses revealed 
an error in the autoEF algorithm initiation a software 
upgrade, so recalculations of sample power led to an 
increase the population to 170 patients. No additional 
power analysis was performed in this study. The planned 
number of inclusions exceeds the number of participants 
needed for reliable evaluation of feasibility, reliability and 
agreement with paired analyses.

RESULTS
Study population
In total 185 patients with suspected heart failure were 
invited to take part, 15 did not consent, 1 withdrew 
consent, 1 could not complete the examinations due to 
back pain, 1 did not show up and 1 was excluded due to 
cognitive failure. In total, 166 participants were included 
in the analyses (figure 1). Population baseline character-
istics are previously published but are shown in table 2.11 
Almost half the population was female, and mean age±SD 
was 70±13 years. Most patients were overweight with 
mean BMI±SD of 28.7±5.3 and a substantial proportion 
presented with atrial fibrillation (24%). Furthermore, 
chronic obstructive pulmonary disease (COPD) was 
present in 16% of patients.

Feasibility and image quality
In total, 2543 images were scored for assessment of image 
quality (table 3). Figure 3 shows that image quality score 
was consistently lower for novices versus intermediate 
experienced versus experts for both modalities. The 
image quality score was highest for the LV alignment and 
lowest for mitral annular assessment, with consistent find-
ings across user groups and methods.

Feasibility was higher with higher image quality score. 
In univariate logistic regression analyses including all 
recordings irrespective of the user group, both the 
average image quality score and the five prespecified 
scores were associated with the feasibility of both auto-
matic applications (all p<0.001). In multivariate analyses 
including all five image quality score categories, we found 
that all were significantly associated with the feasibility for 
autoEF (all p<0.001, except four-chamber view (p=0.02)). 
For autoMAPSE, apical misposition (p=0.94) and number 
of visible LV endocardial segments (p=0.06) were not signifi-
cantly associated with the feasibility, while the other cate-
gories were (four-chamber view; p=0.046, others p<0.001).

Table 4 shows that image quality was more important 
for the feasibility of autoMAPSE than autoEF. Addition-
ally, there was a gradient in adjusted R2 ranging from 
41% within novices to 22% within experts with respect to 

Table 3  Pictures analysed per automatic function, per user 
and the average scores per parameter

Novice Intermediate Expert

Automatic measurement of left ventricular ejection fraction

Images, n 403 445 360

Total average score 3.7±0.9 4.2±0.9 4.8±0.8

Four-chamber view 3.9±1.7 4.7±1.7 5.1±1.5

LV alignment 4.7±1.3 5.5±1.0 5.6±0.8

Apical mispositioning 3.6±1.5 3.9±1.5 4.5±1.4

Mitral annular 
assessment

2.8±1.0 3.1±1.1 3.5±1.0

Number of visible LV 
endocardial segments

3.5±1.3 3.8±1.2 4.2±1.2

Automatic measurement of mitral annular plane systolic excursion

Images, n 476 470 389

Total average score 3.2±1.9 3.7±0.9 4.4±0.8

Four chamber view 3.3±1.6 4.1±1.8 4.9±1.5

LV alignment 4.4±1.5 5.1±1.2 5.5±0.9

Apical mispositioning 3.0±1.3 3.3±1.4 4.0±1.4

Mitral annular 
assessment

2.5±0.9 2.9±1.0 3.5±1.0

Number of visible LV 
endocardial segments

2.8±1.3 3.2±1.3 3.9±1.3

The table illustrates the number and image quality score of 
the images by applications and users for the five prespecified 
parameters as well as the average score. All scores are given as 
mean±SD.
LV, left ventricular.
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the feasibility of autoMAPSE, while no gradient was seen 
across user groups for autoEF. Among the image score 
categories, the numbers of visible LV endocardial segments 
were the most important predictor for the feasibility of 
autoEF for the two most experienced groups but not 
for novices. Correspondingly, mitral annular assessment 
explained most of the variability related to image quality 
for autoMAPSE across user groups.

The averaged image quality score was weakly associated 
with body mass index and systolic blood pressure for both 
autoEF and autoMAPSE (R2≤4%, p≤0.04) when analysed in 
the whole dataset. Systolic blood pressure was not associated 
with image quality in experts (p≥0.42), while BMI showed 
stronger associations with image quality in experts (R2 12% 
and 9% for autoEF and autoMAPSE, both p<0.001). In 
novices and the intermediate group, the associations with 
systolic blood pressure were very weak (R2≤2%, p≤0.06). 

Image quality was not significantly associated with known 
hypertension or COPD (R2<1%, p>0.09).

In analyses comparing the importance of image 
quality for the feasibility of the different autoEF software 
versions, minor differences were revealed. The adjusted 
R2 for version 1 was 23% for novices, 19% for the inter-
mediate group and 27% for experts, with corresponding 
R2 of 32%, 19% and 30% for version 2.

Agreement of HUD recordings with reference and image 
quality
Figure 4 shows that the image quality of the HUD record-
ings was not important for the agreement of the automatic 
decision support software measurements compared with 
reference. Image quality of the HUD recordings explained 
only 2% of the variability (R2=2%) between the autoEF 
and reference measurements in the whole dataset. In anal-
yses within user groups, the findings were similar (R2=1% 
for all three user groups). Furthermore, the associations of 
less underestimation by the decision support software on 
HUDs with better image quality were only significant for the 
novices and the intermediate group. Similarly, image quality 
of the HUD recordings explained only 7% of the variability 
between the autoMAPSE and reference measurements in 
the whole dataset. In analyses within user groups, we found 
a gradient in the explained variance ranging from 7% for 
novices to only 1% for experts, however still significant across 
user groups (p<0.05 for all except autoEF in expert group 
p=0.056).

Reliability of decision support software measurements on 
HUDs and image quality
Figure  5 illustrates the within-patient differences for 
repeated measurements of EF, EDV and MAPSE by the 
decision support software according to within-patient 
differences in image quality in the whole dataset. In anal-
yses combining all user groups, there were significant 

Figure 3  Image quality score parameters in handheld 
ultrasound recordings for automatic assessment of ejection 
fraction and mitral annular plane systolic excursion by 
user groups. figure 3 shows the image scores by user 
groups in recordings for automatic assessment of ejection 
fraction (autoEF) and mitral annular plane systolic excursion 
(autoMAPSE). All image scores were significantly different 
across user groups (p≤0.01) except for LV alignment between 
intermediate and expert users in autoEF recordings (*). 
autoEF, automatic measurement of left ventricular ejection 
fraction by decision support software; LV, left ventricle.

Table 4  The importance of image quality score 
components for feasibility of automatic assessment of 
ejection fraction and mitral annular plane systolic excursion

Novice Intermediate Expert

All (five) image quality 
parameters

EF 20%/MM 41% EF 18%/MM 37% EF 24%/MM 22%

Four-chamber view MM 13%

LV alignment EF 13%/MM 17% EF 8%/MM 10%

Apical mispositioning EF 2%

Mitral annular assessment EF 10%/MM 33% MM 32% MM 20%

Number of visible LV 
endocardial segments

EF 13% EF 14%

The table shows the proportion of explained variance (adjusted R2) for feasibility 
of automatic assessment by autoEF and autoMAPSE according to user groups, 
respectively. Each of the prespecified image score parameters were evaluated in 
univariate log-linear regression analyses, and parameters significantly associated 
with feasibility are shown. Subsequently, the five prespecified image quality scores 
were included in a multivariate regression analysis, where all shown data were still 
significantly associated with feasibility with p<0.001, except for the four-chamber view 
in novices (p=0.02).
AutoEF, Automatic measurement of ejection fraction; AutoMAPSE, Automatic 
measurement of mitral annular plane systolic excusrion; EF, ejection fraction; LV, left 
ventricular; MAPSE, mitral annular plane systolic excursion; MM, motion mode.
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associations of lower reliability with larger within-patient 
variability in image quality of the repeated recordings (all 
p≤0.005). In user group specific analyses, the reliability 
was not significantly associated with image quality for 
neither of the three specified measurements in experts 
(all p≥0.16). For the novices and intermediate group, the 
reliability was significantly associated with within-patient 
differences in image quality for decision support soft-
ware measurements of EF, but not for EDV (p≥0.051) or 
MAPSE (p≥0.12).

Discussion
This study evaluated the influence of operators’ expe-
rience and image quality for fully automatic decision-
support software measurements of LV EF, EDV and 
MAPSE by HUDs in three user groups with varying expe-
rience. Blinded evaluation of 2543 four chamber HUD 
recordings by novices, intermediate experienced users 
and experts showed that image quality was significantly 
associated with the feasibility of the decision support 
software measurements. Image quality was more closely 

Figure 4  Agreement between measurements of automatic ejection fraction and MAPSE by different operators using handheld 
ultrasound and reference echocardiography according to image quality. Scatter plots with applied ’line of best fit’ of the 
difference in automatic ejection fraction and MAPSE measurements by HUDs and reference according to user groups by 
average image quality score. Panels A–H show measurement and user group. Explained variance of the difference between 
measurements are shown by the R2, and the equation for the best fitted line (y-axis) is showed by image quality score (x-axis). 
MAPSE, mitral annular plane systolic excursion; HUD, handheld ultrasound device.

Protected by copyright.
 on O

ctober 26, 2022 at H
elsebiblioteket gir deg tilgang til BM

J.
http://openheart.bm

j.com
/

O
pen H

eart: first published as 10.1136/openhrt-2022-002083 on 21 O
ctober 2022. D

ow
nloaded from

 

http://openheart.bmj.com/


Open Heart

8 Hjorth-Hansen AK, et al. Open Heart 2022;9:e002083. doi:10.1136/openhrt-2022-002083

related to feasibility in the less experienced user groups 
and explained 18%–24% of the variability in feasibility 
of autoEF and volumes, and 22%–41% of the variability 
in the feasibility of autoMAPSE, respectively. Of five 
prespecified image quality categories, the number of visible 
LV endocardial segments was most important for autoEF 
and volumes, while mitral annular assessment was most 
important for autoMAPSE. Contradictory, the agree-
ment of the automatic decision support software meas-
urements was less dependent on image quality (adjusted 
R2≤7%). Furthermore, image quality did not explain the 
low test–retest reliability of the decision support software 

measurements. In user-specific analyses, the reliability of 
the decision support software measurements was signifi-
cantly associated with image quality only for the less expe-
rienced user groups for autoEF measurements.

Population
The finding of elevated blood pressure and body mass 
index in significant proportions are expected as they 
represent relevant risk factors for HF, and the popula-
tion studied was referred to hospital for evaluation of 
suspected HF. Similarly, since the population includes 
both healthy and diseased individuals, the distribution of 
relevant patient characteristics are wider compared with 
more strictly selected samples.5 7 12 The presented associ-
ations of image quality with body mass index and systolic 
blood pressure do not seem to be of clinical importance 
with respect to the study aims.

Decision support software and image quality. Until 
recently, evaluation of LV function on HUDs has been 
done by visual assessment (‘eyeballing’) only, which has 
several limitations.13 Easy to perform focused cardiac 
ultrasound performed by inexperienced users on HUDs 
is feasible and has showed promising results.4 12 14 Image 
quality is essential and a major challenge within all ultra-
sound diagnostics. As overweight, atrial fibrillation and 
COPD were common in the studied population this chal-
lenges the image quality of the ultrasound recordings. As 
shown in this study the image quality was closely related 
to the experience of the users, even though the body 
mass index and systolic blood pressure were of impor-
tance as well.

The feasibility of both automatic decision support soft-
ware was higher when image quality score was higher. 
As shown, image quality influenced the feasibility of 
the automatic measurements more for the novices, and 
intermediate group, compared with the experts. This 
is related to less variation in image quality score for 
the experts and that the performance of the decision 
support software was not solely dependent on relevant 
image quality. The corresponding explained variance 
for the feasibility of autoMAPSE was nearly twice the 
explained variance for autoEF, indicating that the feasi-
bility of autoMAPSE was closer associated with image 
quality. The number of visible LV endocardial segments cate-
gory explained the majority of variance in feasibility for 
autoEF, and similarly the mitral annular assessment was 
most important for the feasibility of autoMAPSE. This 
finding is in line with clinical experience on echocardio-
graphic requirements for EF and MAPSE. The finding 
of less influence of image quality for autoEF compared 
to autoMAPSE may be due to technological character-
istics of the software. The autoEF software is assisted by 
artificial intelligence,10 and it may be hypothesised that 
the training of the algorithm was not optimal for the 
HUD recordings used in this study. Second, the auto-
MAPSE software used grayscale images only, while the 
robustness of MAPSE is commonly shown for methods 
using tissue Doppler.15

Figure 5  Within-patient differences in automatic 
measurements of ejection fraction, end-diastolic volume and 
MAPSE by handheld ultrasound devices plotted against the 
within-patient differences in image quality. The maximum 
within-patient difference for automatic HUD measurements 
of EF (A), EDV (B) and MAPSE (C) is plotted against the 
maximum within-patient difference in image quality score. 
Lines of best fit have been applied by linear regression 
calculation. MAPSE, mitral annular plane systolic excursion.
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Agreement and reliability
In a recent publication, we showed that the coefficient 
of repeatability for the presented automatic decision 
support software ranged 19%–24% (reference article is not 
yet published but is currently in for review). This is signifi-
cantly higher than shown by experts using high-end ultra-
sound equipment16, and a recent publication showing 
limits of agreement 14.5% using artificial intelligence 
assisted decision support software for assessment of EF 
by a novel HUD.6 In the latter study, image quality eval-
uated by the number of LV walls where the endocardial 
border was not clearly identifiable in end-diastole did not 
significantly influence the agreement with reference.6 By 
exploring the unacceptably high variability of the auto-
matic desicion-support software presented in this study, 
only a minor part of the low agreement was explained 
by image quality. As shown by figure 4, both automatic 
decision-support software underestimated EF and 
MAPSE more compared to reference when image quality 
was low. Importantly, even for the experts where image 
quality overall was good, the agreement with reference 
was below recommendation for clinical use, and only 1% 
of the variation compared with reference was explained 
by image quality. Thus, this adds in the disfavour of clin-
ical implementation of the presented automatic decision 
support software for LV evaluation on HUDs.

Similarly, for autoMAPSE, there was a linear relation 
of more underestimation compared with reference when 
image quality was low for all user groups. Still, the vari-
ability was too high even when image quality was good, 
and overall, only 7% of the variability compared with 
reference was due to image quality.

Adding to the low agreement of the automatic measure-
ments by HUDs, we found that only a minor part of 
test–retest reliability was caused by differences in image 
quality. For the experts, we have recently published 
moderate to good intrarater intraclass correlation (0.72 
for autoEF and 0.83 for autoMAPSE), and within-patient 
differences in image quality did not explain the modest 
reliability (p=0.16 for EF, p=0.45 for EDV and p=0.99 for 
MAPSE) (reference article is not yet published but is currently in 
for review). To our knowledge, image quality of repeated 
recordings and its relevance for the reliability of auto-
matic decision-support software measurements of LV 
function has not been evaluated on HUDs previously. 
Figure 5 shows the importance of image quality for the 
reliability within patients, but these associations were not 
always present when performing the analyses per user 
groups. Importantly, in the experts’ recordings, we found 
no signs that higher image quality improved the reli-
ability of the automated decision-support software. This 
shows the inconsistency of the automatic measurements, 
indicating image quality alone not to be sufficient for 
reliable performance of the automatic decision-support 
software. Two other studies have evaluated the agreement 
of automatic evaluation of LV EF by HUDs.6 10 However, 
direct comparison is difficult as the published data on 

image quality characteristics were scarce in these studies 
and both included only one experienced operator each.

Until recently no decision support software for evalua-
tion of LV function evaluation has been available on HUDs. 
Automatic decision-support software for estimation of EF 
performed by experts has showed promising results in 
recent publications.6 10 Furthermore, in a previous publi-
cation from our group, we showed a slight underestima-
tion of autoMAPSE compared with reference.7 However, 
experts do not usually seek or require decision support. 
Differences in the studied populations in LV function, 
arrhythmias and body composition may partly explain 
the differences between the studies. Further, we evalu-
ated the two versions of the automatic decision-support 
software for EF calculations but to be consistent with the 
planned study aims, we did not reanalyse the patients 
analysed by the first software version. In the future, addi-
tional refinement of decision support software based 
on better training of the algorithms and artificial intel-
ligence may improve the software. More advanced deci-
sion support software including deformation analyses will 
also be available for HUDs.

Strengths and limitations
The main strength of this study is the comprehensive 
blinded analyses of five distinct categories of image 
quality and the performance of the decision support soft-
ware. Another strength is that the recruitment of inexpe-
rienced operators was based on positions in the commu-
nity healthcare system and not based on motivation for 
participation. Furthermore, the three groups of opera-
tors (in total 13 different users) had different experience 
ranging from no previous experience to level III experi-
ence according to the American Society of Echocardiog-
raphy.17 However, with respect to reduce potential bias 
related to the user specific results, even larger groups of 
operators would have been preferred. The most impor-
tant limitation is that we only reviewed images being able 
to run the decision support software. Thus, cases where 
the cardiac cycle or image quality did not allow for the 
applications to run were consistently excluded from the 
image quality analyses. This may influence the results 
between the user groups, as less recordings were able to 
run the decision support software among the less experi-
enced user groups. Even though the cardiologists did not 
perform HUD examinations on the first 29 participants, 
the findings across user groups were consistent also in 
analyses of subgroups (data not shown).

CONCLUSIONS
Image quality was important for the feasibility of deci-
sion support software for automatic analyses of left 
ventricular ejection fraction, volumes and mitral annular 
plane systolic excursion by novices, intermediate expe-
rienced and expert groups using HUDs in a population 
with suspected heart failure. However, neither the low 
agreement with reference nor the modest within-patient 
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reliability are explained solely by image quality. Further 
refinement of the decision support software is warranted 
before implementing these into everyday practice for 
non-expert users of HUDs.
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Clinical Influence of Handheld Ultrasound, Supported by Automatic
Quantification and Telemedicine, in Suspected Heart Failure
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A R T I C L E I N F O Early and correct heart failure (HF) diagnosis is essential to improvement of patient care.Weaimed to evaluate the clin-
ical influence of handheld ultrasound device (HUD) examinations by general practitioners (GPs) in patients with sus-
pected HFwith or without the use of automatic measurement of left ventricular (LV) ejection fraction (autoEF), mitral
annular plane systolic excursion (autoMAPSE) and telemedical support. Five GPs with limited ultrasound experience
examined 166 patients with suspected HF (median interquartile range= 70 (63−78) y; mean± SD EF= 53± 10%).
They first performed a clinical examination. Second, they added an examination with HUD, automatic quantification
tools and,finally, telemedical support by an external cardiologist. At all stages, theGPs consideredwhether the patients
had HF. The final diagnosis was made by one of five cardiologists usingmedical history and clinical evaluation includ-
ing a standard echocardiography. Compared with the cardiologists’ decision, the GPs correctly classified 54% by clini-
cal evaluation. The proportion increased to 71% after adding HUDs, and to 74 % after telemedical evaluation. Net
reclassification improvementwas highest forHUDwith telemedicine. Therewas no significant benefit of the automatic
tools (p≥ 0.58). Addition of HUDand telemedicine improved theGPs’ diagnostic precision in suspectedHF.Automatic
LV quantification added no benefit. Refined algorithms and more training may be needed before inexperienced users
benefit from automatic quantification of cardiac function byHUDs.

Keywords:
Echocardiography
Heart failure
General practitioner
Diagnosis
Ejection fraction
Mitral annular plane systolic excursion
Telemedicine

Introduction

Symptoms of heart failure (HF) are non-specific and present a chal-
lenge to the diagnostic workflow. One of six patients older than 65 years
presenting to their general practitioner (GP) with dyspnea on exertion
will have undiagnosed HF [1,2]. Early and correct diagnostics are essen-
tial to improve patient care and to reduce the burden on the health care
system. Echocardiography is the cornerstone of HF diagnostics and the
method of choice when evaluating function of the left and right ven-
tricles [2,3]. Handheld ultrasound devices (HUDs) are established diag-
nostic tools that enable on-site imaging [4]. After a period of training,
less experienced users can evaluate cardiac morphology and function by
HUDs [5−7]. The European Association of Cardiovascular Imaging
(EACVI) supports the use of HUDs to screen for cardiac pathology under
the condition that proper training has been performed [4].

We believe that inexperienced HUD users would benefit from auto-
matic quantification of left ventricular (LV) function and telemedical sup-
port by an expert when assessing patients with possible HF. Evaluation of
LV ejection fraction (EF) and mitral annular plane systolic excursion

(MAPSE) are two methods for quantification of LV function [8,9]. Auto-
matic measurement of EF is commercially available and implemented on
HUDs. An algorithm for automatic quantification of MAPSE has been
implemented on HUDs for research purposes [10]. Telemedicine is an
established method in cardiology and other specialties [11−13] and fea-
sible when evaluating cardiac function [7,12]. Automatic LV quantifica-
tion tools, implemented on HUDs have until now only been tested in a
few single-center studies with one operator each [14,15].

The primary aim was to evaluate the clinical influence of HUD
examinations by GPs in patients with suspected HF without or with the
use of supportive tools such as automatic quantification of EF/MAPSE
and telemedical support compared with experienced cardiologists’ deci-
sions based on comprehensive assessment of medical history, clinical
evaluation and echocardiography as reference.

Methods

The study was conducted at the outpatient cardiology clinic at
Levanger Hospital, Levanger, Norway, from January 2018 until June
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2020. Inclusion was paused during part of the COVID-19 pandemic
(March−May 2020).

Study population

Patients with suspected HF referred to the outpatient clinic at
Levanger Hospital were invited to participate in the study. Eligible
patients were contacted by study researchers and gave their oral and
written consent. The inclusion criteria were suspicion of HF, N-terminal
pro-brain natriuretic peptide (NT-pro-BNP) ≥125 ng/L, age >18 y and
ability to give consent. The exclusion criteria were known HF or known
results from cardiac imaging examination within the last 10 y. The study
was performed in conformity with the policy statement for the use of
human subjects of the Declaration of Helsinki. It was approved by the
regional committee for medical and health research ethics (REK 2017/
2054) and registered in the ClinicalTrial.gov database (identifier:
NCT03547076).

Study design

On arrival at the outpatient clinic, blood samples (NT-pro-BNP, creat-
inine, sodium, potassium and hemoglobin), blood pressure and an elec-
trocardiogram (ECG) were taken. Five GPs with limited experience in
echocardiography were randomly selected by the study administration
to participate in the study. They had access to the initial patient referrals
and the ECGs, but not in-hospital medical records. The GPs examined
patients in chronological order. A standard clinical evaluation including
patient history and a physical examination was performed, followed by
a focused cardiac ultrasound examination by HUD, addition of auto-
matic quantification tools and, finally, telemedical supportive image
analyses by out-of-hospital cardiologists. At each stage, the GPs consid-
ered whether the patients had HF and whether they would refer them
for a cardiac examination. Because of laboratory delay, NT-pro-BNP was
not always available for the GPs during their examination. After the GP
evaluation, all patients were examined by one of five in-hospital cardiol-
ogists who performed a complete reference echocardiography (Fig. 1).
Five to eight patients were included per 30 inclusion days.

Education and training

The GPs received six days (6 h/d) of practical training and two theo-
retical lectures. The training focused on visualizing parasternal long-
and short-axis, apical four-chamber and subcostal views by HUD, as well
as the inferior vena cava (IVC) and pleural cavities with respect to pleu-
ral effusion. On average, seven HUD examinations were performed per

day. In addition, The GPs performed on average 13 unsupervised
focused ultrasound examinations by HUD in their daily practice.

Handheld ultrasound

The focused ultrasound was performed using Vscan Extend (GE
Ultrasound, Horten, Norway) with the capability of storing cine loops of
one cardiac cycle without the need for ECG [16]. The commercially
available LVivo application (DiA Imaging Analysis Ltd, Be’er Sheva,
Israel) for automatic EF quantification (autoEF) was implemented on
the HUDs. It detects the LV endomyocardial wall in the apical four-
chamber view (Fig. 2) [14,17]. A customized research version of the
automatic MAPSE (autoMAPSE) application was implemented on the
HUD. MAPSE was calculated by tracking the basal LV points’ movement
using a customized method implemented on the HUDs—real-time con-
tour tracking library (RCTL) (Fig. 2). The method was originally devel-
oped by our group a decade ago [10]. The specific details were recently
described [18]. The RCTL provides segmentation of the left ventricle
using a model composed of 12 control points which are updated by
detecting the LV border in 75 equally spaced edge profiles. When track-
ing is enabled, the RCTL returns the septal and lateral points of the
mitral annulus. The operators are unable to see, control or adjust the
segmentation process. However, the tracking of the basal LV points and
a line between these two points during the whole cardiac cycle is pre-
sented to the operator of the HUD (Fig. 2). There was no automatic feed-
back of the quality of the recordings or the robustness of the
measurements for the autoEF or the autoMAPSE software. The tracking
of the regions of interest throughout a cardiac cycle was available to the
users. Examinations were performed with patients in the left lateral
supine position and included the main cardiac views (parasternal long
and short axis, apical four chamber and subcostal) and identification of
IVC and pleural cavities. LV function was categorized by the GPs as nor-
mal, moderately reduced or severely reduced, while the cardiologists
categorized LV function by EF (≤40%, 41%−49% or ≥50%) [9]. The IVC
was described as dilated or not. The presence of pericardial and pleural
effusion was evaluated. GPs were instructed to measure autoMAPSE and
autoEF three times each per patient.

Telemedicine

Pseudonymized images stored on the HUDs, were transferred in near
real time to a cloud-based server (Trice Imaging, Inc., Del Mar, CA,
USA), an integrated software that allows for secure and anonymous shar-
ing of medical images [19]. One of two external cardiologists (both
localized at St. Olav’s Hospital, Trondheim University Hospital,

Figure 1. Flowchart of study participants. Real time response from cardiologist used in GPs’ decision making. GPs decided whether the patients had heart failure at
each stage. ECG, electrocardiogram; autoEF, automatic analyses of ejection fraction; autoMAPSE, automatic analyses of mitral annular plane systolic excursion; GP,
general practitioner; HUD, handheld ultrasound device.
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Trondheim, Norway) downloaded the recordings to EchoPAC SWO (Ver-
sion 203, GE Ultrasound, Horten, Norway) for interpretation. The cardi-
ologists had access to the initial referrals, but not the results from the
clinical evaluation, ECG, blood samples or hospital records. They pro-
vided feedback to the GPs electronically.

Reference examinations by cardiologists

A comprehensive echocardiographic evaluation was performed
within 1 h after the GP`s examination. The echocardiograms were
recorded using high-end equipment (Vivid E9 or E95, GE Ultrasound)
and included the main cardiac views [9]. EF was measured using Simp-
son’s biplane in apical four- and two-chamber views. Systolic LV func-
tion was defined as normal if the EF was >50%, mild to moderately
reduced and significantly reduced if the EF was 40%−49% and <40%,
respectively. MAPSE was measured in the septal and lateral mitral annu-
lar points by M-mode or reconstructed M-mode. All measurements rep-
resent the average of three consecutive cardiac cycles [9]. The
echocardiographic analyses were performed using EchoPAC SWO (Ver-
sion 202, GE Vingmed Ultrasound).

Statistics

Continuous data are expressed as the mean ± standard deviation
(SD) or median (interquartile range [IQR]) as appropriate. Categorical
data are expressed as frequencies and percentages.

A difference of <15% of correctly identified patients with and with-
out HF between the GPs and reference cardiologists was considered of
little importance. Use of Sample Power (SPSS, Inc., Chicago, IL, USA)
resulted in a sample size of 104 and power of 0.80 (p < 0.05). The num-
ber of patients with significant pathology was expected to be small; fur-
thermore, we expected failure of both GPs’ recordings and some of the
automatic measurements. Thus, a sample size of 150 was chosen.
Throughout the study period, the autoEF software was upgraded and the
sample size was adjusted to 170 to account for the new version.

McNemar’s test was used to compare paired nominal data. An indica-
tion of the prognostic gain was calculated using net reclassification
improvement (NRI), which is aimed at quantifying whether a new
method or marker improves the prediction of a disease [20]. For this
test, the clinical examination was used as a reference. NRI combines NRI
event and NRI non-event. NRI event represents the net reclassification

proportion of HF diagnosis among those with HF after each stage (clini-
cal and HUD, clinical, HUD and addition of automatic tools, clinical,
HUD, automatic tools and addition of telemedicine) compared with clin-
ical examination alone. Similarly, an NRI non-event represents the net
reclassification proportion in non-events (non-HF). The overall NRI is
the sum of the net proportions of correctly reclassified exams. The posi-
tive (PPV) and negative (NPV) predictive values were calculated as the
probability of correct classification.

A p value <0.05 was considered to indicate statistical significance for
all analyses. SPSS (version 26, IBM Corp, Armonk, NY, USA) and Excel
were used for the analyses.

Results

Study population

Of 185 patients invited, 170 agreed to participate in the study. After
exclusion, 166 (78 women) completed the exams (Fig. 1). Table 1 out-
lines the population characteristics. Median (IQR) age was 70 (63−78)
y, mean BMI 29 ± 5 kg/m2 and median NT-pro-BNP 298 (65−870) ng/
L. Patients with HF had a median NT-pro-BNP of 1302 (866−2626) ng/
L compared with 148 (53−525) ng/L in patients without HF. Sinus
rhythm was present in 126 (76%) patients. Systolic function was pre-
served in 131 (79%) patients; 21 (13%) had a mild reduction in LV func-
tion and 14 (8%) had moderately or severely reduced function. Mean EF
was 53 ± 10%. Of the 166 patients, 118 (71%) presented with dyspnea,
24 (14 %) had reduced physical capacity, 40 (24 %) had peripheral
edema, 22 (13 %) had fatigue and 16 (10 %) experienced palpitations.

Heart failure

Reference cardiologists diagnosed 28 patients with HF, excluded HF in
130 patients and were uncertain about the diagnosis in the remaining 8.
Of the 28 patients, 13 (46%) had HF with preserved EF (HFpEF). After the
clinical examination, the GPs correctly classified 92 (55%) patients (15
with HF, 77 without). The corresponding numbers increased to 118 (71%)
after HUD examinations (19 with HF, 99 without) and 123 (74%) after tel-
emedical evaluation (20 with HF, 103 without) (Fig. 3). The difference
between the clinical examination and HUD or telemedicine was highly sig-
nificant (p <0.001), but that between HUD and telemedicine was not
(p = 0.44). There was no improvement in diagnostic precision after

Figure 2. Tools for automatic quantification of left ventricular function. Automatic quantification of left ventricular function by mitral annular plane systolic excursion
(left panel) and ejection fraction (right). Values of the systolic excursion of the mitral annulus are annotated at top of the left panel, and values for the automatic quanti-
fication of ejection fraction and volumes are at top of the right panel. EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume.
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adding automatic quantification (57% correctly classified after autoMAPSE
and 55% after autoEF). AutoMAPSE and autoEF were not performed in 16
and 34 cases, respectively. In these cases, the GPs failed to run the applica-
tions because of suboptimal ultrasound images. On the basis of symptoms
and physical examination, the GPs suspected 7 of the 13 patients with
HFpEF of having HF. The NRI for HUD and telemedicine was 0.10 and
0.19, respectively. These data were based on 3.6% and 12.0% of correctly
reclassified HF patients after HUD and telemedicine, respectively (NRI for
events) and 6.5% (both HUD and telemedicine) correct reclassification of
non-events (Fig. 4). The GPs were uncertain of the diagnosis in 43 patients
after the initial assessment. There was a statistically significant decrease (p
< 0.05) in uncertain cases after adding HUD and telemedicine (20 and 24,
respectively), with no significant difference between the two (p = 0.44).
There was non-significant reduction after autoMAPSE and autoEF (36 and
40 uncertain cases, respectively). The NPV was high at all stages (>0.91),
while the PPV was lowest for autoMAPSE (0.40) and highest for telemedi-
cine (0.71) (Table 2). When we evaluated the importance of the autoEF
upgrade, we found no improvement in NPV and PPV (0.96 vs. 0.86 and
0.58 vs. 0.38, respectively). However, similar differences were found for
autoMAPSE (data not shown). Coefficients of variation (COVs) for the GP
recordings according to the reference were recently reported [21]. The
COVs for autoEF and autoMAPSE were 15.4% and 24.3%, respectively.

Referral of patients

Even though all patients underwent a reference echocardiogram, the
GPs still had to state whether they would refer the patients for a cardiac
examination. Because of logistics, they were not presented with this pos-
sibility on the first day of inclusion. They intended to refer 113 (68%)
patients after the clinical examination. They suspected HF in 35 of these
patients, while in the remaining 78 (69%) there were other reasons for
the referral. There was a significant decrease in the total number of
referrals after addition of HUD, automatic quantification and telemedi-
cine (all p values <0.02) (Fig. 5).

There was a non-significant decrease in the proportion of referred
patients with suspected HF after adding HUDs, autoMAPSE and autoEF
(31, 35 and 26 patients, respectively). After telemedical support, 23 of 98
(60%) referred patients were suspected of having HF (difference vs. clinical
examination p = 0.02). Of the 23 patients, 21 (91%) were diagnosed with
HF by the reference cardiologist. Of the 8 patients with a missed HF diag-
nosis, all but one was referred for cardiac evaluation (Table 3).

Discussion

In patients with suspected HF, the proportion of patients correctly
diagnosed by GPs improved by ≥25% after HUD and telemedical sup-
port. The number of uncertain cases was reduced by approximately
50%. Adding automatic quantification tools for MAPSE or EF did not
improve diagnostic precision. After telemedical support, the GPs would
refer 35% fewer patients with suspected HF, and among those selected
for referral, >90% were finally diagnosed with HF.

Population

In the present population, 28 (17%) were diagnosed with HF. The
results agree with previously published studies in which one in six patients
older than 65 years presenting to their primary care physician with dys-
pnea had undiagnosed HF [1]. In our study, 71% of the patients experi-
enced dyspnea, either at rest or on exertion. The proportion of HF
highlights that HF symptoms are unspecific and overlap with other disor-
ders [2]. Improved selection of patients would allow for better use of
restricted health care resources. NT-Pro-BNP has a high NPV and improves
the ability to rule out HF. In our study, NT-pro-BNP was not always pres-
ent during the GP assessment because of laboratory delay but the number
of false-positive cases in patients with NT-pro-BNP below the usual thresh-
old of 125 ng/L varied from 1 to 6 depending on the diagnostic stages. As

Table 1
Baseline characteristics of the study population

Variablea Entire population Heart failureb

Number 166 28
Age, y 73 (63−78) 77 (71−80)
Female sex, n (%) 78 (47) 11 (39)
Height, cm 172 ± 10 174 ± 9
Weight, kg 85 ± 19 90 ± 23
Body mass index, kg/m2 29 ± 5 29 ± 6
NT-pro-BNP,c ng/L 298 (65−870) 1302 (866−2626)
Creatinine,c μmol/L 84 (73−97) 89 (83−116)
Heart rate, bpm 77 ± 16 86 ± 24
Sinus rhythm, n (%) 126 (76) 13 (46)
Ongoing atrial fibrillation, n (%) 40 (24) 15 (54)
Bundle branch block, n (%) 15 (9) 5 (18)
Systolic blood pressure, mm Hg 150 ± 22 142 ± 25
Diastolic blood pressure, mm Hg 83 ± 11 83 ± 9
Hypertension, n (%) 60 (35) 10 (36)
Diabetes mellitus type 2, n (%) 23 (14) 3 (11)
Coronary artery disease, n (%) 19 (11) 4 (14)
Valvular heart disease, n (%) 2 (1) 1 (4)
COPD/asthma, n (%) 26 (16) 6 (21)
Diuretics, n (%) 41 (25) 10 (36)
Beta blockers, n (%) 51 (31) 14 (50)
ACEI/ARB, n (%) 32 (19) 6 (21)
LV EF biplane, % 53 ± 10 44 ± 13
LV EDV, mL 106 ± 44 109 ± 38
LV ESV, mL 50 ± 27 64 ± 33
Left atrial ESV index, mL/m2 42 ± 16 54 ± 13
MAPSE,d mm 12 ± 3 8 ± 2

ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin recep-
tor inhibitor; COPD, chronic obstructive pulmonary disease; EDV, end-
diastolic volume; EF, ejection fraction; eGFR, estimated glomerular fil-
tration rate; ESV, end-systolic volume; LV, left ventricle; MAPSE, mitral
annular plane excursion rate; NT-pro-BNP, N-terminal pro B-type natri-
uretic peptide.

a All values are expressed as the mean ± standard deviation unless
otherwise specified.
b Heart failure diagnosis according to the reference examination.
c Median (interquartile range) or specified elsewhere.
d Mean of lateral and septal MAPSE. Echocardiographic data are from

the reference examination.

Figure 3. Diagnostic precision of heart failure diagnosis by general practi-
tioners. Total number of patients with correct and incorrect classification after
each stage of the examination. The columns include patients with and without
heart failure. Black reflects incorrect classification; white reflects correctly
classified individuals. Agreement between the stages was calculated with
McNemar’s test. The group with uncertain diagnoses is not included and
reflects the proportion between 166 and the presented sum of correct and
incorrect classifications. autoEF, automatic analyses of ejection fraction; auto-
MAPSE, automatic analyses of mitral annular plane systolic excursion; HUD,
handheld ultrasound device.
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NT-pro-BNP has a lower PPV, its availability would not necessarily reduce
the number of false-positive diagnoses [22]. Moreover, it has been reported
that only 25% of patients with NT-pro-BNP above the threshold of
125 ng/L and/or pathological ECG had HF [1]. The sensitivity and speci-
ficity of any test are influenced by the distribution of the studied popula-
tion, and this also relates to the diagnostic performance of NT-pro-BNP, as
well as the diagnostic decision-support software used in the present study.
The results indicated that inclusion of HUD examinations improved the
GPs�diagnostic precision, whereas the GPs were not able to improve their
practice by adding the automatic tools providing measurements of LV func-
tion. There was no significant difference between diagnostics after the clin-
ical examination and after adding automatic quantification tools. Most of
the patients were overweight or obese, and comorbidities such as atrial
fibrillation and hypertension were common. Thus, both poor acoustics and
atrial fibrillation (present in 24%) may have interfered with image acquisi-
tion and the accuracy of the automatic measurements. As the present popu-
lation had characteristics similar to those of other studies evaluating HUDs
and HF [7,23,24], we believe that the results are applicable to others.

Training

The skills and competence of users are important for operator-depen-
dent diagnostics [4,25]. The training program was based on previous

studies and recommendations [5−7,26]. After completing the program,
the GPs were able to perform and interpret cardiac ultrasounds with
improvement in diagnostic precision. However, they were not able to
interpret and adjust to the false-positive (and false-negative) results pro-
vided by the algorithms. Future work is needed to determine if more
training would improve image quality, the ability to correctly diagnose
HF and the ability to use the advantages of HUD applications.

Clinical influence of HUD examinations and diagnostic supportive tools

The precision of HF diagnosis based on standard examination alone
is suboptimal, with low accuracy and high false-positive rates [27,28].
In our study, clinical examination alone had a low PPV (0.47). Of the
patients suspected of having HF, only 43% were diagnosed with HF by
the reference.

The proportion of correct classification increased after HUD exami-
nations with fewer false positive and uncertain cases. This confirms the
diagnostic value of adding HUDs to a clinical examination. Mjølstad et
al. [5] found that GPs were able to assess LV function with HUDs, and
the benefits of HUDs have been reported by several groups across differ-
ent scenarios [6,7,18].

AutoMAPSE and autoEF have been reliable when used on high-end
equipment and by experts [18,29,30]. Automatic LV quantification tools

Figure 4. Reclassification of heart failure diagnosis. Number for correct/incorrect classification of patients with heart failure diagnosis dichotomized to “yes” or “no.”
Net reclassification improvement is shown at each stage (clinical + HUD, clinical + HUD + autoMAPSE/autoEF, clinical + HUD + autoMAPSE/
autoEF + telemedicine) compared with clinical examination alone. autoEF, automatic analyses of ejection fraction; autoMAPSE, automatic analyses of mitral annular
plane systolic excursion; HUD, handheld ultrasound device; NRI, net reclassification improvement.

Table 2
General practitioner diagnostics in comparison with reference echocardiography

Diagnostic stage Heart failure
positive

Heart failure
negative

False positive False
negative

PPV NPV

Clinical 35 (21%) 88 (53%) 17 (10%) 8 (5%) 0.47 0.91
HUD 36 (22%) 110 (66%) 15 (9%) 6 (4%) 0.56 0.94
AutoMAPSE 45 (27%) 81 (49%) 25 (15%) 4 (2%) 0.40 0.95
AutoEF 31 (19%) 85 (51%) 15 (9%) 4 (2%) 0.50 0.95
Telemedicine 30 (18%) 112 (67%) 8 (5%) 6 (4%) 0.71 0.94

Data are expressed as the number (%). Uncertain cases are not included.
AutoEF, automatic ejection fraction; autoMAPSE, automatic mitral annular plane systolic
excursion; HUD, handheld ultrasound device; PPV, positive predictive value; NPV, negative
predictive value.
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Figure 5. General practitioners’ referrals of patients for cardiac examinations. The orange columns represent the total number of patients the GPs decided to refer for a
cardiac examination no matter the diagnosis. The black columns represent how many of the total number of referred patients had suspected heart failure. autoEF, auto-
matic analyses of ejection fraction; autoMAPSE, automatic analyses of mitral annular plane systolic excursion; HF, heart failure; HUD, handheld ultrasound device;
NRI, net reclassification improvement.

Table 3
Characteristics of patients with heart failure incorrectly classified at one or more of the diagnostic stages

Characteristic Symptoms Reference echocardiography Comment telemedicine AutoEF/autoMAPSE

Male,a 78 y, HT, AF Reduced physical capacity HFmrEF
EF 40%
MAPSE 8.5 mm

Moderate dilated LV
EF 30%
Probable HF

AutoEF: 26%, 25%, 36%
AutoMAPSE: 4.9, 7.0, 6.9 mm

Female, 72 y, HT, AF Dyspnea on exertion HFpEF
EF 55%
MAPSE 10.5 mm

Preserved LV
HF unlikely

AutoEF: 64%, 71%, 72%
AutoMAPSE: 9.0, 7.6, 9.9 mm

Male, 78 y, AF Dyspnea on exertion. HFpEF
Visual EF 40%
MAPSE not measured
AF

AF. Slightly reduced LV.
Aortic sclerosis?

AutoEF: 28%, 43%, 56%
AutoMAPSE: 6.8, 7.5, 6.8 mm

Male, 70 y Dyspnea on exertion HFrEF
Frequent VES
EF 33%
MAPSE 12 mm

Difficult diagnosis because of
arrythmia

AutoEF not performed
AutoMAPSE: 5.5, 8.1, 7.5 mm

Male, 59 y, HT Dyspnea on exertion
Systolic murmur
Near syncope

HFpEF
Severe aortic stenosis
EF and MAPSE not stated

Preserved LV
EF >50%
Calcified aortic valve

AutoEF: 66%, 59%, 62%
AutoMAPSE: 9.4, 6.5, 8.4 mm

Female, 56 y, DM2, asthma, OSAS LV hypertrophy on ECG
Reduced physical capacity
Family history of cardiomyopathy

HFpEF
Hypertrophic cardiomyopathy
EF 74%
MAPSE 11 mm

LV hypertrophy Preserved LV AutoEF: 51%, 47%, 39%
AutoMAPSE: 9.7, 10.4, 10.1 mm

Male, 76 y Dyspnea on exertion HFpEF
Probable hypertrophic cardiomy-
opathy

EF 58%
MAPSE 8 mm

Normal EF
LV hypertrophy

AutoEF: 66%, 33%, 53%
AutoMAPSE: 6.8, 6.8, 6.8 mm

Female, 81 y, HT, RA, cerebellar
stroke

Dyspnea on exertion
Chest pain on exertion

HFpEF
EF 59%
MAPSE 9mm
Severe mitral regurgitation
AF

Preserved LV AutoEF: 72%, 68%,71%
AutoMAPSE: 6.6, 8.7, 9.5 mm

AF, atrial fibrillation; autoEF, automatic ejection fraction; autoMAPSE; automatic mitral annular plane systolic excursion; DM2, diabetes mellitus type 2; EF, ejec-
tion fraction; HF, heart failure; HFmrEF, heart failure with midrange ejection fraction; HFpEF, heart failure with preserved heart failure; HFrEF, heart failure with
reduced ejection fraction; HT, hypertension; HUD, handheld ultrasound device; LV, left ventricle; OSAS, obstructive sleep apnea syndrome; RA, rheumatoid
arthritis; VES, ventricular extrasystole.

a Patient misdiagnosed after the HUD examination, but HF suspected after automatic quantification and telemedicine.
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implemented on HUDs have previously scarcely been evaluated by
inexperienced users. There was no improvement in correctly diag-
nosed patients after automatic quantification compared with clinical
examination alone. False-positive results increased after autoMAPSE,
and the uncertainty was high for both applications. The difference
between autoMAPSE and autoEF was not significant. After upgrading
the autoEF software, there was no improvement in false-positive or
false-negative cases. The COVs revealed a modest variation of
autoEF between GPs and reference cardiologists (COV = 15.4%) and
quite a large variation for autoMAPSE (COV = 24.3 %) [21]. Auto-
matic quantification of MAPSE in B-mode images underestimates the
mitral annular excursion [10,18], and can be compensated for by
integrating tissue Doppler mode [31], which was not available in
this study. In our study, both automatic quantification tools underes-
timated the LV measurements (mean MAPSE: 8 mm vs. 12 mm, and
mean EF: 48% vs. 53%, respectively). The underestimation by auto-
MAPSE was larger than previously reported [10,18], and the poten-
tial importance of reduced image quality, patient characteristics and
users must be addressed in future studies. The underestimation may
have contributed to the GPs’ uncertainty and overdiagnosis. Both
automatic application tools were fully automatic, and it was not pos-
sible for the operators to adjust the endocardial tracking or mitral
points. Further, no automatic feedback to optimize the recordings
was provided. It is not known if novel tools providing automatic
feedback to optimize the recordings could have improved the results
[32]. The decrease in correctly diagnosed patients after adding the
automatic quantification tools to the HUD examination may indicate
that the GPs were unable to distinguish between correct and incor-
rect measurements. It may be hypothesized that feedback regarding
the robustness of tracking of regions of interest and the measure-
ments could potentially improve the GPs’ interpretation. Further,
atrial fibrillation (AF) poses a challenge to HF diagnostics. AF was
overrepresented by 50% among the uncertain cases after autoEF (13
[33%]). AF was present in 54% of all HF patients and in 62% of
patients with HFpEF. The combination of HFpEF and AF also repre-
sents a clinical challenge. Diagnostics are difficult because of over-
lapping symptoms [33]. AF might also have contributed to the
failure of the automatic decision-support software.

Use of telemedicine may reduce time to diagnosis and treatment
[12,34]. After telemedical support, the numbers of false-positive and
uncertain cases decreased. There was a significant difference in the pro-
portion of correct reclassification (NRI 0.19) compared with clinical
evaluation and automatic quantification. Telemedical support of the
HUD recordings had the numerically highest PPV (0.71), and the total
number of correctly diagnosed patients improved in comparison with
HUD alone (123 vs. 118). Improved image quality could further facili-
tate the evaluation [7,35]. The time between inclusion days for the par-
ticipating GPs varied and may have influenced the image quality and
subsequently reduced the quality of the telemedical support. Further,
the GPs needed to fit the feedback into a clinical context, which may
have been challenging in some cases. Access to the clinical information
from the present exam could have improved the telemedical interpreta-
tion and feedback to the GPs.

There were false-negative cases at each stage of the examinations. In
all but one instance, either HF was identified after telemedical support
and/or the patients were referred for an echocardiography for other rea-
sons such as AF, suspicion of aortic stenosis, coronary artery disease or
hypertrophic cardiomyopathy. Of the patients with HF, 46% had HFpEF,
which is challenging to diagnose [36]. As outlined in Table 3, the com-
bined use of HUD, autoEF, autoMAPSE and telemedicine was not suffi-
cient for precise diagnosis of HFpEF.

Despite a low proportion of patients with suspected HF, the GPs
would still refer a large proportion to a cardiologist. In most cases, there
was a valid reason for the referral, such as AF, suspicion of valvular dis-
orders, pericardial effusion, suspicion of other cardiac pathology or poor
image quality.

Limitations

This was a single-center study with a limited number of observers.
The participating GPs were randomly selected by the health care admin-
istration in two municipalities and did not join because of a special inter-
est. Further, the five GPs originated from five different GP offices.
Evaluating an even broader set of operators would improve the ability
to make stronger conclusions regarding the generalizability of the
results. Diagnostic ultrasound is user dependent, and enthusiasm and
interest would likely motivate participants to improve their recordings.
The modest sample size may limit the power for secondary analyses. For
example, including a larger population would have improved the power
to detect subtle inter-operator differences. Additionally, we do not know
whether differences between the two external experts influenced the
results. Because of laboratory delay, the GPs did not have access to all
the blood sample results, and the level of NT-pro-BNP was not available
in all initial referrals to the outpatient clinic. NT-Pro-BNP is an impor-
tant factor in the evaluation of suspected HF [2] which can be ruled out
using a threshold of <125 ng/L [22,37]. However, in this study, most
patients had elevated NT-pro-BNP, and we do not expect a substantially
changed outcome if all results were available at the time of examination.
Lastly, even though the GPs were not able to provide automatic meas-
urements of the left ventricle in a substantial proportion of the examina-
tions, the finding of ≥43% misclassified decisions after automatic
measurements indicates that we had adequate power to conclude on the
pre-set 15% limit for accepted misclassifications.

Conclusions

Addition of handheld ultrasound to examinations by general practi-
tioners improved diagnostic precision in patients with suspected heart
failure. The highest NRI was found after the HUD recordings were sup-
ported by telemedical interpretation. In the future, this may allow for
better selection of patients with suspected HF in need for cardiac follow-
up. The applications for automatic quantification of LV function added
no significant benefit. Further refinement of the methods and more spe-
cific training of personnel may be needed before these methods add ben-
efit to the diagnostic process.
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