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Abstract

Background: Pulmonary congestion is a key component of heart failure (HF) that chest computed
tomography (CT) can detect. However, no guideline describes which of many anticipated CT signs are
most associated with HF in patients with undifferentiated dyspnea.

Methods: In a prospective observational single-center study, we included consecutive patients > 50
years admitted with acute dyspnea to the emergency department. Patients underwent immediate clinical
examination, blood sampling, echocardiography, and CT. Two radiologists independently evaluated all
1mages. Acute HF (AHF) was adjudicated by an expert panel blinded to radiology images. LASSO and
logistic regression identified the independent CT signs of AHE

Results: Among 232 patients, 102 (44%) had AHE. Of 18 examined CT signs, 5 were associated with
AHF (multivariate odds ratio, 95% confidence interval): enlarged heart (20.38, 6.86-76.16), bilateral
interlobular thickening (11.67, 1.78-230.99), bilateral pleural effusion (6.39, 1.98-22.85), and increased
vascular diameter (4.49, 1.08-33.92). Bilateral ground-glass opacification (2.07, 0.95-4.52) was a con-
sistent fifth essential sign, although it was only significant in univariate analysis. Eighty-eight (38%) pa-
tients had none of the five CT signs corresponding to a 68% specificity and 86% sensitivity for AHE while
two or more of the five CT signs occurred in 68 (29%) patients, corresponding to 97% specificity and 67%
sensitivity. A weighted score based on these five CT signs had an 0.88 area under the curve to detect AHE.
Conclusions: Five CT signs seem sufficient to assess the risk of AHF in the acute setting. The absence
of these signs indicates a low probability, one sign makes AHF highly probable, and two or more CT
signs mean almost certain AHE (Cardiol J 2022; 29, 2: 235-244)
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Introduction

Heart failure (HF) is a complex syndrome with
structural and/or functional cardiac abnormality
corroborated by objective evidence of cardiogenic
pulmonary or systemic congestion [1]. While the
primary diagnosis is based on clinical findings, echo-
cardiography, and natriuretic peptides [2], the diag-
nosis can be especially challenging in patients with
comorbidities, which in many cases complicate the
clinical picture. In many of such cases congestion
signs are associated with uncertainty, especially the
clinical signs and chest X-ray (CXR), which may
not rule out acute HF (AHF) [2-4]. Furthermore,
natriuretic peptides can also falsely be elevated
in patients with acute comorbid conditions [3].
Lung ultrasound may support a diagnosis of HF in
severe cases but is less useful for detecting mild
degrees of congestion [2, 5, 6].

Chest computed tomography (CT) is the gold
standard for diagnosing interstitial lung disease, but
it is not a recommended test for AHF [2, 7]. How-
ever, acute patients with dyspnea often undergo
CT as the primary or secondary examination in
the search for pulmonary embolus, acute coronary
syndrome, or suspected pulmonary infection [8].
Therefore, CT has great potential to supplement
or improve the diagnostic work up of patients with
dyspnea, including AHE either with a high negative
predictive value or as a confirmatory test.

Because the utilization of CT in emergency
departments (ED) has increased significantly in
patients admitted with dyspnea [9], it could be an
asset in the early detection of HF. Furthermore,
due to several advances in cardiac CT, it is perceiv-
able that future iterations of HF guidelines will
include an expanded role for cardiac CT [10]. First,
however, it is essential to identify the strengths
and limitations of using this modality for diag-
nosing congestion as a sign of HE. Although the
literature describes several radiological features
of pulmonary congestion in patients with known
cardiac disease [11-15], we could not find a sys-
tematic approach to utilize CT for estimating the
likelihood of AHF in consecutive dyspneic patients
[16, 17]. Because no standard methods exist to
evaluate the additional value of the CT, we have
conducted a study to examine which CT features
are most important to estimate the probability of
AHF. To avoid selection bias, we performed an up-
front extra chest CT in every consecutive patient.

The study aimed to identify which signs from
CT are most associated with AHF in consecutive
breathless patients and how to balance their im-

portance. Secondly, we examined how these signs
would perform in the diagnosis of AHF by internal
validation.

The implication is that greater awareness is
needed of the utilization of CT as a supplement to
current guideline-recommended diagnostic tests
for early detection and/or exclusion of HE

Methods

Design

A prospective observational study in consecu-
tive patients with acute dyspnea admitted to the
ED at Bispebjerg University Hospital, Copenha-
gen, Denmark. The National Ethics Committee
approved the study on Health Research Ethics,
Denmark (Project-id: H-17000869).

Population

We screened consecutive patients > 50 years
old in the ED on weekdays between 08:00 and
14:30 on 216 randomly selected days from Novem-
ber 2017 to August 2019. The main inclusion cri-
terion was self-reported dyspnea, supported by at
least one abnormal respiratory parameter (Fig. 1).
The age limit of 50 years was chosen due to an
increased risk of radiation in subjects below 50
years old [18, 19], and because HF is a more
frequent differential diagnosis in patients aged
> 50 years.

The main exclusion criteria were a need for
inotropic treatment, intensive care, and mechani-
cal or non-mechanical ventilation. Patients were
excluded if the CT or echocardiography could not
be performed within 12 hours, or if patients were
unwilling or unable to give consent (e.g., dementia)
(Fig. 1).

All patients underwent immediate phlebotomy,
clinical examination, comprehensive echocardio-
graphy, and a non-contrast CT.

Clinical evaluation

The first attending ED physician performed
a systematic collection of the medical history, vital
signs, and physical examination.

Echocardiography

Performed by experienced cardiologists ac-
cording to the 2016 European Society of Cardiology
guidelines [3], including systematic evaluation of
diastolic function and left ventricular (LV) filling
pressure [20].

The protocol emphasized LV ejection frac-
tion (LVEF), E/A, E/ €', left atrium index volume,
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Acute dyspnoea (n = 661)

— A respiratory rate > 20/minute

— The need for oxygen to maintain an oxygen
saturation > 94% (92% in case of COPD)

— Rhonchi or prolonged expiration on
auscultation

— Any objective signs of HF (bilateral rales
on auscultation, jugular vein distention,
orthopnoca or bilateral pedal edemas)

~—>| Excluded (n = 399)* |

N = 262
1. Medical history
2. Clinical examination
3. ECG
4. Blood samples Chest CT not available
within 12 hours
N = 252 (n=10)
Chest CT
Echocardiography not
Maximum »| available within
12 hours 12 hours (n = 20)
N = 232
Comprehensive
echocardiography
Upto ¥
1 year after
N = 232
Comparison of AHF
and distinct CT-signs

Figure 1. Flowchart of the inclusion process. The inclu-
sion criteria were dyspnea and at least one objective
sign of dyspnea. Figure 1 illustrates a flow chart over
the inclusion and exclusion process; AHF — acute heart
failure; CT — computed tomography; ECG — electro-
cardiogram; HF — heart failure; COPD — chronic ob-
structive pulmonary disease. *Excluded: not able to
give consent (i.e., dementia, language barrier; n = 155),
unwilling to give written consent, not Danish citizen;
n = 117), CT thorax already indicated (pulmonary embo-
lism, aorta dissection or aneurysm; n = 28), acute coro-
nary syndrome (n = 58), circulatory instability (need for
inotropics; n = 3), respiratory instability (mechanical/
/non-mechanical ventilation; n = 19), suspected life
expectancy < 3 months (n = 19).

and quantification of severe valvular disease.
Right ventricular parameters were free wall s’,
€’, tricuspid annular plane systolic excursion, and
tricuspid regurgitation gradient (TR). LVEF was
evaluated by the Simpson method and wall motion
score index, supported by other measures such
as fractional shortening and mitral annular plane
systolic excursion depending on image quality. The
examinations were performed using an EPIQ 5
— Ultrasound system (Philips), X5-1 transducer
(Philips) and subsequently evaluated on an Intelli-

Space Cardiovascular 4.1.0.0 (Philips). Recording
and readings were approved by expert cardiologists
accredited in echocardiography. Cardiac dysfunc-
tion was hierarchically classified as severe valve
disease (HFVHD), reduced LVEF < 40% (HFrEF),
mildly reduced LVEF from 40% to 49% (HFmrEF),
and preserved LVEF (HFpEF) [3, 20]. Presence of
LV diastolic dysfunction in this study required at
least three of the four following measures: lateral
e’ < 10 cm/s, average E/e’ ratio > 14, left atrium
maximum volume index > 34 mL/m?* and peak
TR velocity > 2.8 m/s [20]. Elevated LV filling
pressure was classified according to a previous
consensus paper [20]. The interpreting cardiolo-
gists were always blinded to the CT findings, and
in the case of disagreement, a third cardiologist
evaluated the echocardiogram and case history.

Definition of AHF diagnosis

Two cardiologists adjudicated AHF by re-
viewing echocardiography, clinical data, blood
samples, and medication, and disagreements were
discussed with a third cardiologist. We assessed all
components necessary to diagnose AHF [1] with
a special emphasis on the echocardiographic signs
of congestion as inferred from an elevated LV filling
pressure in combination with cardiac dysfunction or
an acute trigger for HE. Notably, the cardiologists
did not evaluate radiology CXR or CT images to
avoid circular reasoning. Instead, confirmation of
pulmonary congestion was primarily supported by
elevated LV filling pressure (grade II or grade III)
according to recommendations [3, 21]. If the LV
filling pressure was indeterminate, other clinical
information was considered supportive of the diag-
nosis, such as loop diuretic in the presence of evi-
dence of systemic congestion, elevated natriuretic
peptides, or the presence of a relevant trigger for
AHF (conditions that improved significantly after
treatment, such as tachyarrhythmias or markedly
elevated blood pressure [3]).

Definition of technical AHF diagnosis

We established a technical AHF diagnosis,
unbiased by radiology, based only on medical
record registered data. This technical AHF diag-
nosis required the presence of all four objective
criteria: I) HFrEF, HFmrEF, HFpEF, or HFVHD;
II) N-terminal pro-B-type natriuretic peptide (NT-
-proBNP) > 300 pg/mL; III) echocardiographic
signs of elevated LV pressure, orthopnea, bilateral
rales on auscultations or administrated intravenous
loop diuretics, and IV) no acute pulmonary disease.
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Radiology

The CT was performed without contrast,
with a radiation dose < 2 mSv using a multislice
CT scanner (Somatom Definitions Flash, Siemens
Medical Solutions, Forschheim, Germany). The
CT scans were obtained with the scan parameters:
140 kV, 35 mAs for each X-ray tube, 0.5-ms gantry
rotation, 128 X 0.6 mm collimation with pitch of
1.2, reconstructed slice thickness 3 mm, using two
different convolution kernels: a window of lung
fields (I70f very sharp) with coronal and sagittal
reformatted images and a soft tissue window (I140f).

Interpretation of pulmonary
congestion on CT

Two radiologists, specialized in thoracic im-
aging and working at two different university
hospitals, evaluated all CT scans. The radiologists
were blinded to each other, to previous radiologi-
cal reports, and to all clinical data. A pre-defined
protocol dictated which CT signs to evaluate based
on the Fleischner Society list of potential patterns:
ground glass opacities, interlobular thickening,
interlobar effusion, consolidation, crazy paving,
and atelectasis, modified by adding peribronchial
cuffing, enlarged heart, and increased vascular di-
ameter [22, 23]. A CT sign was defined as positive
if both radiologists reported its presence.

Statistics

All statistical analyses were performed using
R Version 3.6.2 [24]. Continuous variables are pre-
sented with the mean and median, 95% confidence
interval (CI), standard deviation, and interquartile
range (IQR) and were compared using Student’s
t-test. Categorical variables are expressed as ab-
solute number and percentages and analyzed using
the y° test or the Fisher test as appropriate. All
tests were two-sided, and a p-value of < 0.05 was
considered significant. Inter-reader reliability of
the CT signs was evaluated using kappa-statistics.

To identify which radiological CT signs as
covariates are most closely associated with AHF
as the response variable, we employed the least ab-
solute shrinkage and selection operation (LASSO)
regression [25, 26]. LASSO is well suited to situa-
tions in which there is a high risk of collinearity, and
it identifies the most robust predictor variables for
the response variable by shrinking the regression
coefficients toward zero. Only predictor variables
with non-zero coefficients are retained in the final
model. To test the robustness of the selected
CT variables we performed LASSO in 60 differ-
ent models using cross-validation. CT signs that

came out in more than half of the 60 models were
considered robust AHF markers (Suppl. Table 1).
We made an internal validation to report the
sensitivity and specificity for detecting AHF based
on zero or more significant CT signs identified from
the LASSO model’s most frequent parameters.
These variables also entered a multiple logistic re-
gression model with AHF as the response variable,
and from these finally reported beta-coefficients
we constructed a prediction score on a continu-
ous scale and made an internal validation by using
receiver-operating characteristic curves.

Results

Population characteristics

We screened 661 eligible patients with acute
dyspnea. In total, 399 patients were excluded,
including 272 patients due to unwillingness or in-
ability to give written consent. In total, 232 were
included with a complete dataset (Fig. 1) and
a total of 102 (44%) were assigned with AHFE. Of the
102 patients with AHF, 30 had concomitant acute
pulmonary disease (25 with lower respiratory tract
infection, 3 with chronic obstructive pulmonary
disease in exacerbation, 1 with cancer, and 1 with
pulmonary fibrosis).

Patients with AHF were significantly older,
had more cardiovascular diseases, and more clinical
signs of AHF (Table 1). Many patients without AHF
also had common clinical HF signs such as bilateral
rales on auscultation, orthopnea, and cardiovascu-
lar disease. There was a significant difference in
administered intravenous loop diuretics between
AHF and non-AHF (Table 1).

CT findings

All 232 CT-examinations had adequate qual-
ity, although some artefacts were observed due
to insufficient inspiration (9.5%), motion (19.0%),
metal (0.8%), and positioning (1.7%). The mean
radiation dose was 1.3 mSv, the median time to
CT was 150 min (82.8-363.6), and the median time
between CT and echocardiography was 110 min
(IQR: 67.0-170.0).

CT-score

The univariate analyses revealed that nine
of the evaluated CT signs were associated with
AHF (Table 2). However, in repetitive LASSO
regression models, just five of the CT-signs were
repeatedly associated with AHF: bilateral ground-
glass opacification (odds ratio [OR] 2.07, 95% CI
0.95-4.52), bilateral interlobular thickening (OR
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Table 1. Patient characteristics for the study population according to acute heart failure (AHF) versus

no AHF.
No AHF (n = 130) AHF (n = 102) P overall

Age [years] 71.9 £ 9.62 77.8 = 9.58 < 0.001
Sex (male) 68 (52.3%) 63 (61.8%) 0.191
SBP [mmHg] 139 = 23.9 150 = 31.4 0.003
DBP [mmHg] 74.7 = 13.1 80.5 = 16.7 0.005
History of chronic heart failure 16 (12.3%) 43 (42.2%) < 0.001
Ischemic heart disease 26 (20.0%) 33 (32.4%) 0.046
Atrial fibrillation 25 (19.2%) 53 (52.0%) < 0.001
COPD 87 (66.9%) 33 (32.4%) < 0.001
Hypertension 72 (55.4%) 72 (70.6%) 0.026
Clinical findings
Orthopnea 49 (37.7%) 65 (63.7%) < 0.001
Bilateral rales 30 (23.1%) 58 (566.9%) < 0.001
Cough 105 (80.8%) 69 (67.6%) 0.032
Fever 21 (16.2%) 7 (6.86%) 0.051
Jugular vein distension 1(0.77%) 8 (7.84%) 0.012
Bilateral pedal edema 24 (18.5%) 46 (45.1%) < 0.001
Blood samples
Troponin-T [ng/L] (reference < 14 ng/L) 17.0 [11.5;29.5] 39.0 [25.2;60.8] < 0.001
C-reactive protein [mg/L] (reference < 10 mg/L) 23.9 [6.00;79.5] 14.0 [6.12;47.9] 0.094
Pro-natriuretic peptide [pmol/L] (reference < 100 pmol/L) 41.1[16.2;103] 380 [218;790] < 0.001
Echocardiography
LVEF 55.7 + 8.49 425 + 16.2 < 0.001
Tricuspid velocity 248 = 74.7 312 £ 51.2 < 0.001
E/é 8.70 [7.20;11.0] 15.0 [11.1;21.1] < 0.001
Indexed left atrial volume 25.8 +£9.93 46.3 = 12.6 < 0.001
Cardiac dysfunction:*

Severe valve disease 1(0.77%) 8 (7.84%) 0.012

LVEF < 40 5 (3.85%) 37 (36.3%) < 0.001

LVEF 40-49 12 (9.23%) 13 (12.7%) 0.520

LVEF > 50 and LVH or LAH enlargement 2 (1.54%) 44 (43.1%) < 0.001
Intravenous loop diuretics
Before the low-dose CT 5 (4%) 29 (28%) 0.007
Between the low-dose CT and echocardiography 2 (2%) 7 (7%) 0.525
After the low-dose CT 10 (8%) 39 (38%) 0.086
Did not receive at any time 113 (87%) 27 (26%) 0.772

Data are shown as mean * standard deviation or number (percentage) or median [interquartile range]. *It was possible for a patient to have
cardiac dysfunction, but without acute heart failure, if there were no clinical signs of heart failure or elevated left ventricular filling pressure;
COPD — chronic obstructive pulmonary disease; CT — computed tomography; DBP — diastolic blood pressure; LAH — left atrial hypertrophy;
LVH — left ventricular hypertrophy; LVEF — left ventricular ejection fraction; SBP — systolic blood pressure

11.67, 95% CI 1.78-230.99), bilateral pleural effu-
sion (OR 6.39, 95% CI 1.98-22.85), enlarged heart
(OR 20.38, 95% CI 6.86-76.16), and increased
vascular diameter (OR 4.49, 95% CI 1.08-33.92)
(Fig. 2, Suppl. Fig. 1A-D).

When applying the observer-independent
technical AHF diagnosis as outcome (73 patients),

the LASSO model selected four of the same distinct
CT signs, but not bilateral ground glass opacities.

The reproducibility of the five CT signs were
examined in terms of agreement between the two
radiologists. The kappa value of the five CT signs
were as follows: an enlarged heart 0.76, bilateral
interlobular thickening 0.64, bilateral pleural ef-
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Figure 2. Four out of five essential computed tomogra-
phy (CT) signs associated with acute heart failure illus-
trated in a patient admitted with acute dyspnea. The five
CT signs were as follows: bilateral interlobular thicken-
ing (I), bilateral pleural effusion (P), increased vascular
diameter (V), bilateral ground glass opacification (G),
and an enlarged heart (sign not illustrated).

fusion 0.76, increased vascular diameter 0.60, and
bilateral ground glass opacification 0.46, respec-
tively (Fig. 2, Suppl. Fig. 1A-D).

The five CT-signs were investigated in
a multivariable logistic regression model using the
reference AHF diagnosis as the response variable.
Bilateral ground glass opacification had a univariate
OR of 4.76 (2.72-8.34) but became nonsignificant
in multivariable analysis (Fig. 3). The total sum of
the beta-coefficients from the five CT signs ranged
from 0 to 9.6, and the area under curve of this sum
to diagnose AHF was 0.88 (Fig. 3).

Of all 232 included patients, a total of 88 (38%)
with adjudicated AHF had at least one of the five
CT-signs, corresponding to a sensitivity and speci-
ficity of 86% (0.78-0.92) and 68% (0.60-0.76) for
AHF (Table 3). Similarly, of all included patients,
68 (29%) had adjudicated AHF and at least two of
the five signs, corresponding to a sensitivity and
specificity of 67% (0.57-0.76) and 97% (0.92-0.99),
respectively (Table 3).

Discussion

Even though chest CT is increasingly used,
there is currently no systematic approach for esti-
mating AHF in dyspneic patients [16, 17]. Although
many signs have previously been proposed, we
report five essential CT signs: an enlarged heart,
bilateral interlobular thickening, bilateral pleural
effusion, increased intravascular diameter, and
bilateral ground-glass. The current data suggest

1.0
0.8 1
0.6
=
=
@ AUC: 0.880 (0.834-0.926)
L5
0.4+
0.2
0.01
T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
1-Specificity
Essential CT Univariate Multivariate*
variables Odds ratio  Odds ratio Beta-
(95% CI) (95% Cl)  -coefficients
Bilateral ground 4.76 2.07 0.7
glass opacities (2.72, 8.34) (0.95, 4.52)
Increased vascular 52.57 4.49 1.5
diameter (12.33,224.14)  (1.08, 33.92)
Bilateral pleural 18.97 6.39 1.9
effusion (7.15,50.33)  (1.98, 22.85)
Bilateral interlobular 48.81 11.67 25
septal thickening (6.51,366.13) (1.78, 230.99)
Enlarged heart 39.90 20.38 3.0
(13.69, 116.25) (6.86, 76.16)
Sum: 0-9.6

Figure 3. Receiver operating characteristics curve of
the proposed computed tomography (CT) score to dia-
gnose acute heart failure. The essential CT signs were
weighted after their beta-coefficients in a logistic regres-
sion model, and the total sum ranged from 0 to 9.6;
AUC — area under curve; Cl — confidence interval; *the
five CT variables.

that the absence of these signs indicates a low prob-
ability, one sign makes AHF highly probable, and
two or more CT signs means almost certain AHE

Using CT to diagnose AHF

Lung ultrasound is a quick bedside examina-
tion in which B lines and bilateral pleural effusion
have a high specificity for AHF [5]. Although the
CXR and lung ultrasound are easily available in
the acute setting, they are often inadequate for the
evaluation of mild degrees of congestion [6, 27].
In 2014, CT was suggested as a reference method
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Table 3. The diagnostic accuracy of one or more of the five essential computed tomography (CT) signs.

AHF Sensitivity Specificity PPV NPV PLR NLR
W (95% CI) (95% CI) (95% CI) (95% Cl) (95% Cl) (95% CI)
> 1 CT-signs
Yes 88 41 0.86 0.68 0.68 0.86 2.74 0.20
No 14 89 (0.78-0.92) (0.60-0.76) (0.59-0.76) (0.78-0.92) (2.10-3.56) (0.12-0.33)
> 2 CT-signs
Yes 68 4 0.67 0.97 0.94 0.79 21.67 0.34
No 34 126 (0.57-0.76) (0.92-0.99) (0.86-0.98) (0.72-0.85) (8.18-57.41) (0.26-0.45)

AHF — acute heart failure; Cl — confidence interval; PPV — positive predictive value; NPV — negative predictive value; PLR — positive likeli-

hood ratio; NLR — negative likelihood ratio

for evaluating undifferentiated dyspnea [4], and it
may be useful as a secondary examination. How-
ever, there is no recommended scoring system,
published systematic review, or metanalysis on
the subject, no systematic approach to support or
reject AHF by CT in breathless patients, and no
guide on how to weigh the importance of each sign.
Several selected radiological signs have previously
been described as markers of HF: cardiomegaly
[15], ground glass opacification [11, 15, 28], thick-
ening of intra- and interlobular septa [11, 13, 15,
28], mosaic pattern of attenuation [11], peribron-
chial cuffing [11, 13, 28], pleural effusion [13, 15],
consolidations [11, 15], and increased peripheral
vascular diameter [11, 13, 15, 28]. Nonetheless,
these previous studies used older generation CT
scanners and were often more than a decade old,
retrospective-, case-studies, or only included pa-
tients with already known cardiac disease [11-15].

Validity of CT signs

We performed a prospective study, including
a broad spectrum of dyspnoeic patients. Consecu-
tive sampling was important because some CT-
signs, such as ground glass opacification, pleural
effusion, and consolidations, are non-specific and
may be seen in hoth AHF and pneumonia (Table 2)
[22, 29]. Notably, bilateral ground glass opacity
was a mediocre sign of AHF and not significant on
multivariable analysis. Still, the absence of bilateral
ground glass opacification and the four other signs
indicates a low probability of AHFE.

We confirm the association between car-
diomegaly and AHEF, but cardiomegaly was not
a particularly strong marker. However, if all five
markers are evaluated, it is possible to discard or
raise suspicion of AHF. Hence, for the first time,
we report how these signs should be prioritized
when evaluating a CT for HE

The agreement and kappa values of the five
CT signs for AHF ranged from moderate to sub-
stantial. Hence, determining the probability of AHF
from CT requires all the signs to be examined. It
is a novel observation, and a simplification, that
all diagnostic information for AHF is contained in
just five CT signs.

Although not externally validated, the CT-
-signs were identified by cross-validation and ran-
dom sampling. Furthermore, a sensitivity analyses
based on a technical observer-independent AHF
diagnosis indicated a high stability of the CT signs.

The reference diagnosis of AHF

Previous studies compared CT signs against
various aspects of congestive HF either by ret-
rospective reviews [11] or in selected patients.
Some studies examined patients with very spe-
cific criteria of HF (pulmonary wedge pressure or
chronic HF) or more vague criteria (LVEF < 30%,
improvement of pulmonary congestion on CXR,
elevated central pressure, physical examination)
[30]. Some studies may have been biased by using
only medical record review [15], clinical history,
and the resolution of radiologic abnormalities
after diuretics [28] or retrospective analysis of
patients with clinical profiles of pulmonary edema
[11]. All studies carry a high risk of bias because
the spectrum of CT signs could have indirectly af-
fected the decision to initiate treatment and thus
the reference diagnosis.

We acknowledge the difficulty in assessing
a diagnosis of AHF without direct or indirect bias
from radiology. We did our best to apply a state-
of-the-art diagnosis [1, 3] with a strong emphasis
on the comprehensive echocardiogram. Still, 25
(11%) patients had indeterminate LV filling pres-
sures and were evaluated by a cardiologist to
adjudicate the diagnosis by reviewing the medical
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record including pro-BNP and response to treat-
ment. Importantly, this adjudication was done
independently of radiology findings including the
CXR because it is highly correlated with chest CT.
Furthermore, we included an analysis based on an
observer-independent technical AHF diagnosis,
which corroborates our findings.

Study strengths and limitations

The first strength is that this is the first study
to systematically and prospectively examine CT for
objective evidence of AHF in consecutive dyspneic
patients. Second, we used an CT in every patient
without a previous selection related to the pre-
sumed cause of breathlessness. Third, the median
time between CT and echocardiography was only
110 min. Such measures are difficult to attain in an
acute clinical setting but necessary to ensure that
patients had a similar cardiovascular state. Fourth,
the CT images were reviewed by two independent
thorax radiologists from two different hospitals.

Nonetheless, the study also had some limita-
tions. First, the study was a single-center study,
with daytime sampling. The majority of patients
were excluded due to unwillingness or inability
to give informed consent (e.g., dementia). The
low inclusion rate is a common problem in acute
studies where patients have little time to under-
stand and provide full informed consent. Another
reason for the low inclusion rate was exclusion of
patients with acute coronary syndrome [31]. The
results therefore relate to intermediate ill acute
patients who often pose a considerable diagnostic
challenge. Second, patients with cor-pulmonale
or right-sided HF were not excluded if they ful-
filled the AHF diagnosis, although such patients
are not expected to have pulmonary congestion.
Therefore, some of these patients were classified
as negative by the CT, which partly explains why
AHF cannot be completely ruled out with the CT
(negative likelihood ratio: 0.2) (Table 3). Third,
the significant CT signs were identified by cross-
validation and random sampling procedures, which
corroborate robustness. However, the reported
beta-coefficients may be optimistic because they
are fitted to the present population.

Conclusions

This study provides a standardized approach
to ascertain objective evidence of AHF on CT in
patients with acute dyspnea. Only five essential CT
signs are needed to evaluate the likelihood AHE

The absence of these signs indicates a low prob-
ability, one sign makes AHF highly probable, and
two or more CT-signs means almost certain AHE.
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