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Abstract

Aims The effect of extravascular lung water (EVLW) and relationship to functional status as a result of acute decompensated
heart failure (ADHF) are not well understood. We sought to quantify changes in clinical variables, EVLW, airway anatomy,
spirometry, and diffusing capacity for carbon monoxide before and after treatment for ADHF.

Methods and results Fifteen patients were recruited within 24 h of hospital admission. Spirometry, diffusing capacity for
carbon monoxide, and surrogates of EVLW by computed tomography were measured and were then repeated within 24 h
of discharge. From the computed tomography (CT) scan, surrogates of EVLW were calculated from the distribution of CT
attenuation of the lung tissue. Airways were segmented using the VIDA APOLLO software. Patients were hospitalized for
4.6 = 2.1 days, had 10 * 4.8 L of fluid removed (7.0 £ 4.2 L between study visits), and lost 7.1 + 4.9 kg. Patients had significant
clearance of fluid from the lungs (per cent change: mean, 4.2 + 6.1%; skew, 17.5 + 27.0%; kurtosis, 37.6 + 56.7%; full-width
half-maximum, 10.2 + 13.5%). Static lung volumes and maximal flows improved significantly (per cent change: forced vital
capacity, 14.5 + 13.6%,; forced expiratory volume in 1's, 15.9 + 14.0%; forced expiratory flow at 25-75% of forced vital capacity,
27.2 £ 42.9%). The ratio of membrane conductance to capillary blood volume improved significantly (per cent change:
alveolar—capillary membrane conductance/capillary blood volume, 23.4 + 22.8%). Weight loss during hospitalization was
significantly correlated with improved spirometry and diffusing capacity.

Conclusions  Extravascular lung water contributes to the pulmonary congestive syndrome in ADHF patients, and its clearance
is an important component of the improvement in pulmonary function as a result of inpatient treatment.
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Introduction treatment consists of diuresis until patients have reduced

signs of pulmonary and systemic venous congestion and

Hospital admission and readmission for heart failure (HF) is a
growing clinical problem in the USA with worsening clinical
outcomes after hospitalization.! In left HF, decompensation
is precipitated by increased left ventricular filling pressures
as a result of volume overload or redistribution.? As a result,
elevated pulmonary capillary wedge pressure promotes
increasing fluid transudation into the interstitial tissue with
formation of oedema.

Patients are generally admitted with symptoms of dyspnoea
as well as pulmonary and peripheral oedema.® Primary

respiratory symptoms have abated. Grading systems based
on the presence of peripheral and lung congestion and
adequate perfusion have been shown to be predictive of
mortality.*> These systems include common clinical metrics
including body weight and blood pressure that can assess
patient status during hospitalization. While a change in body
weight generally occurs, whether this fluid is removed from
the interstitial or intravascular volumes depends on a number
of factors including HF aetiology.>’ Additionally, there is
uncertainty regarding the amount of fluid removed from the
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periphery versus the pulmonary compartments. The relation-
ship between the clinical metrics, fluid volumes, and func-
tional outcomes such as lung function and pulmonary gas
exchange has not been clearly established.

We have previously demonstrated increased levels of
extravascular lung water (EVLW) associated with decreased
pulmonary function in chronic, stable HF patients.® In
these patients, there is decreased pulmonary function, includ-
ing forced expiratory volume in 1 s (FEV,), forced vital capacity
(FVC), and forced expiratory flow at 25-75% of FVC (FEF,5_y5);
decreased diffusing capacity for carbon monoxide (DLCO); and
altered gas exchange at both rest and exercise.®** However,
the degree to which these functional variables may be modi-
fied by therapeutic intervention during an acute decompensa-
tion and recovery during a course of inpatient treatment has
not been well characterized. One study followed spirometry
and DLCO beginning with hospitalization for acute decompen-
sation and found significant improvement in spirometry but
minimal changes in DLCO with treatment,*? suggesting persis-
tent extravascular fluid in the alveolar—capillary membrane.
This study did not evaluate other clinical measurements such
as weight or blood pressure, leaving the relationship between
clinical and functional measures unclear.

In the study herein, we sought to evaluate pulmonary
congestion during inpatient treatment for acutely decompen-
sated HF by investigating the relationship between clinical
and functional variables and response to treatment. We were
specifically interested in the changes in EVLW, airway anat-
omy, lung function, and their relationship to changes in body
weight, blood pressure, and other clinical measures. We
hypothesized that EVLW would fall with diuresis; that there
would be subsequent increases in airway luminal area,
improvements in maximal lung volumes and flows, and
improvements in DLCO; and that these changes would corre-
late with clinical measures of body weight and blood pressure
from hospital admission to discharge.

Methods

Participants

Fifteen participants were recruited within 24 h of hospital ad-
mission for acute HF decompensation and diuresis. Patients
were recruited with evidence of volume overload and a pre-
vious diagnosis of HF regardless of aetiology or the presence
of other co-morbidities. The protocol was approved by the
Mayo Clinic Institutional Review Board, and written informed
consent was obtained from all patients prior to testing.

Study design

The study was performed on two visits, one within 24 h of
hospital admission and one within 24 h of discharge from

the hospital. On both visits, patients were brought to the
laboratory to perform, in the sitting position, an FVC
manoeuvre, DLCO and diffusing capacity for nitric oxide
(DLNO) via rebreathe, and 10 min of resting gas exchange. A
thoracic computed tomography (CT) scan was then obtained.
All measurements were repeated on the second visit.

Diffusing capacity for carbon monoxide and
diffusing capacity for nitric oxide rebreathe

Patients performed a DLCO/DLNO rebreathe manoeuvre in
the sitting positions using a mouthpiece attached to a
pneumotachometer. This was attached to a switching valve
with one port to room air and the other to a 6 L anaesthesia
bag filled with a mixture of 35% O,, 9% He, 0.6% C,H,, 0.23%
C*®0, 40 ppm NO, and balance N,. In four patients, the
multiple O, tensions of 35% and 70% were used instead of
DLNO for the calculation of capillary blood volume (Vc) and
alveolar—capillary membrane conductance (Dm) owing to
technical difficulties. Patients synchronized their breathing
with a metronome set to 32 breaths per minute before being
switched onto the gas mixture for 8-10 breaths. DLCO and
DLNO values were calculated using custom software. The Vc
and Dm were calculated using established methods.™

Computed tomography scanning

All CT scans were performed on the same scanner (GE
Litespeed 16-slice CT scanner, GE Healthcare). Scans were
obtained with 2.5-mme-thick slices and 1.2 mm overlap and
reconstructed to 1.25-mm-thick slices with a 0.6 mm overlap;
the total radiation dose for all scans combined was 25.2 mSv.
An initial scout scan was performed to ensure capture of the
entire lung volume. The location of the scanner table, field
of view, and number of images were recorded, and a mark
was made on the subject to ensure alignment between
admission and discharge scans. Patients were instructed to
hold their breath at total lung capacity during all scans.
Computed tomography quantitative analysis was carried
out using the MATLAB (MathWorks, Inc., Natick, MA) software.
The lung tissue was automatically segmented out from the
surrounding tissue, and pixels outside the range of —1000 to
0 Hounsfield unit were excluded to remove airways from the
analysis. Values for the mean, skewness, kurtosis, and full-
width half-maximum (FWHM) of the distributions were calcu-
lated from the segmented areas as indicators of EVLW status.

Statistical analysis

All statistical analysis was carried out using SPSS (SPSS,
Chicago, IL). The Wilcoxon matched-pairs signed rank test
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was used to compare admission vs. discharge measurements.
Linear regression and Kendall’s tau coefficient were used to
assess the relationship between functional and clinical data.
All results are expressed as mean + standard deviation unless
otherwise stated. The acceptable level of Type | error was set
at P < 0.05.

Results
Demographics

Fifteen patients who were admitted for decompensated HF
associated with volume overload were recruited for the study
(Table 1). All patients were treated with 580 mg of intrave-
nous diuretics on average during hospital treatment. Patients
had left and right ventricular HF. Additionally, both HF with
reduced ejection fraction (HFrEF, n = 7) and HF with
preserved ejection fraction (HFpEF, n = 8) were represented.
Patients spent between 2 and 8 days in hospital and lost
between 3.3 and 20.5 L of fluid during hospitalization (—0.2
to 16.3 L between study visits). Changes in clinical values
are shown in Table 2. Patients lost approximately 7 kg of

Table 1 Patient demographics at hospital admission

Characteristic Value

N (female) 15 (4)
Age, years 70.9 £ 12.2
Height, cm 168.7 £ 13.2
BMI, kg m 2 345+ 97
LVEF, % 43 =17
NT-pro-BNP, pg mL™" 4810 (790, 22 040)
eGFR, mL min ' 1.73m? 40.4 (17.6, 79.0)
Days in hospital 4(2,8)

Total fluid loss, L 8.9 (3.3, 20.5)
Fluid loss between study visits, L 8.0 (0.2, 16.3)

Intravenous Lasix administered, mg 460 (140, 1500)
Heart failure classification
HFrEF (LVEF < 40%)
HFpEF (LVEF > 40%)
Co-morbidities
Diabetes
Chronic kidney disease
COPD
Coronary artery disease
Pulmonary arterial hypertension
Peripheral artery disease
Pacemaker

[eolaN]

wW-=NNWU

BMI, body mass index; COPD, chronic obstructive pulmonary
disease; eGFR, estimated glomerular filtration rate; HFpEF, heart
failure with preserved ejection fraction; HFrEF, heart failure with
reduced ejection fraction; LVEF, left ventricular ejection fraction;
NT-pro-BNP, N-terminal pro-BNP. Patients were a mix of both HFrEF
and HFpEF and had evidence of volume overload. Patients were
treated with intravenous Lasix during hospitalization for volume
overload and approximately 70% of fluid loss was captured
between study visits. Age, height, weight, BMI, and LVEF are
mean =+ standard deviation. NT-pro-BNP, eGFR, days in hospital,
total fluid loss, fluid loss between study visits, and intravenous
Lasix administered are median (range).

Table 2 Clinical measures associated with disease state and extra-
vascular lung water status

Admission Discharge

Weight, kg 99.5 + 30.6 92.4 + 27.1*
Hgb, mg dL ™" 113 =23 12.6 = 2.1*
MAP, mmHg 95.1 = 27.8 78.5 £ 11.9*
HR, b.p.m. 86.3 = 19.1 82.8 + 18.5
RR, b.p.m. 17.3 £ 35 18.2 £ 3.7
Sp0y, % 95.5 + 2.8 96.1 = 1.5
Drugs (HFrEF, HFpEF)

ACE inhibitor 3(1,2) 4(3,1)

Angiotensin Il blocker 2(1,1) 2(1,1)

Beta-blocker 8 (5, 3) 12 (12, 0)

Digitalis 1(1,0) 3(2,1)

Diuretic 12 (5, 7) 15 (7, 8)
CT indices

Mean, HU —-813 £ 404 —847 + 50.5**

Skew 2.35 = 0.67 2.64 = 0.56*

Kurtosis 10.5 = 4.40 12.9 = 3.90**

FWHM 125 = 36.8 110 = 28.4*%*

ACE, angiotensin-converting enzyme; CT, computed tomography;
FWHM, full-width half-maximum; HFpEF, heart failure with
preserved ejection fraction; HFrEF, heart failure with reduced
ejection fraction; Hgb, haemoglobin concentration; HR, heart rate;
HU, Hounsfield unit; MAP, mean arterial pressure; RR, respiratory
rate; SpO,, oxygen saturation.

Patients had significant weight loss, increase in Hgb, and decrease
in MAP. No change was observed between study visits in HR, RR, or
SpO,. Patient drug regimens were optimized during inpatient
treatment. Quantitative CT indices are representative of extravascu-
lar lung water status. Decreased mean, increased skew, increased
kurtosis, and FWHM are indicative of fluid clearance. Data are
mean =+ standard deviation.

**P < 0.01, *P < 0.05.

body weight during hospitalization, had significant
haemoconcentration, and had reduction in blood pressure.
No differences were observed in heart rate, respiratory rate,
or oxygen saturation. Pulmonary oedema was observed by
chest X-ray in nine patients at hospital admission. Finally,
peripheral oedema was observed in all patients at admission.
Peripheral oedema improved in all patients but was only fully
resolved in three patients at discharge.

Lung function

Spirometric measurements were greatly reduced at admis-
sion, expressed as a per cent predicted (Figure 1). After treat-
ment, FVC, FEV,, and FEF,s_,5 improved significantly but were
still lower than predicted [admission vs. discharge: FVC,
71.0 £ 23.6% vs. 78.7 t 22.4%; FEV,, 68.7 + 26.8% vs.
78.0 £ 27.9%; FEV,/FVC, 96.8 + 11.0% vs. 98.0 * 12.7%;
FEF,5_75, 69.4 + 51.0% vs. 86.8 + 64.2%; peak expiratory
flow (PEF), 81.8 + 29.8% vs. 82.1 + 34.0%]. DLCO, Dm, Vc,
and Vc/Dm ratio are shown in Figure 1. DLCO and Vc did
not change, but Dm and the ratio of Dm/Vc improved
significantly at discharge visit (admission vs. discharge:
DLCO, 11.1 # 5.6 vs. 11.3 # 5.9 mL min™* mmHg™%; Dm,
235 + 12.8 vs. 27.1 + 13.6 mL min ' mmHg % Vc,

ESC Heart Failure 2018; 5: 364-371
DOI: 10.1002/ehf2.12253



Diuresis effect on EVLW and pulmonary function in ADHF

367

Figure 1 Change in pulmonary function measurements from hospital
admission. Grey dots are individual subject response. Error bars are
standard deviation. *P < 0.05, **P < 0.01, ***P < 0.001. DLCO, diffusing
capacity for carbon monoxide; Dm, alveolar—capillary membrane conduc-
tance; FEF, forced expiratory flow at 25-75% of forced vital capacity;
FEV,, forced expiratory volume in 1 s; FVC, forced vital capacity; PEF,
peak expiratory flow; Vc, capillary blood volume.
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Figure 2 shows the average attenuation of the lung tissue
at the admission and discharge study visits, and Table 2
shows the CT quantitative indices at admission and discharge.
Quialitatively, the histogram moves to the left, becomes
narrower, and becomes taller, suggesting the clearance of
fluid. Quantitatively, the mean was more negative, skew
increased, kurtosis increased, and FWHM decreased, all
suggestive of decreased EVLW (per cent change: mean,
42 t+ 6.1%; skew, 17.5 + 27.0%; kurtosis, 37.6 * 56.7%;

Figure 2 Group mean histogram of computed tomography attenuation
of lung tissue for admission (black) and discharge (grey). Leftward shift
and higher peak suggest clearance of fluid from admission to discharge.
Standard deviation is not shown for clarity.
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FWHM, 10.2 £ 13.5%). Thirteen of the 15 patients had clear
evidence of reduced EVLW based on CT indices.

Airway anatomy

Airway wall thickness is shown in Figure 3A, and luminal area
is shown in Figure 3B. No changes were observed in airway
wall thickness or airway luminal area through six generations
where the trachea is Generation 1.

Relationship between clinical and functional
measures

Weight loss during hospitalization was correlated with
improved spirometric function (z; FEV;: —0.51; FEF,5_y5:

Figure 3 Measurements of airway wall thickness (A) and luminal area
(B). Black is admission and grey is discharge. Generation 1 is the trachea,
and generation number represents the number of branches from the tra-
chea. Error bars are standard deviation.
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—0.64; PEF: —0.52; P < 0.005). Improved DLCO and Vc
were also correlated with greater weight loss (z; DLCO:
—0.38; Vc: —0.43; P < 0.05). These correlations are shown
in Figure 4A-D. Additionally, improvement in spirometry
was correlated with improvement in DLCO (z: FVC: 0.62;
FEV,: 0.58; PEF: 0.51; P < 0.01). Number of days in hospital
and decrease in mean arterial pressure were not correlated
with any functional measure. Finally, no differences were
observed between patients with HFrEF and HFpEF for any
measure of EVLW, airway anatomy, lung function, or clinical
measurement.

Discussion

In the present study, we sought to better understand the pul-
monary congestive syndrome during hospitalization for acute
HF decompensation and its effect on functional measure-
ments of the respiratory system and response to therapy as
these measures have previously not been simultaneously
followed during treatment for acute HF decompensation.
We found that our patients were admitted to the hospital
with symptoms of dyspnoea and a history of HF for extensive
diuresis and subsequently had significant improvement in
clinical measures. Patients had significantly reduced FVC,

FEV,, and FEF,5_y5 as a per cent predicted but, at baseline,
had better spirometric measures than those observed in
previous studies.**>** Following treatment, spirometric mea-
sures were greatly improved but remained lower than those
of chronic, stable patients observed in our laboratory.®**
Additionally, DLCO and Vc did not change, but Dm and
Dm/Vc ratio improved. These changes were paralleled by
clearance of EVLW, suggesting the pulmonary congestion
present at admission was at least partially cleared by hospital
discharge. However, there was no change in the anatomy of
the large airways through the sixth generation. Additionally,
no differences were observed in changes in clinical measures,
lung function measurements, or EVLW clearance between
patients with HFrEF and HFpEF. Weight loss during hospitali-
zation was strongly associated with improvement in pulmo-
nary function.

Lung function and extravascular lung water
changes following diuresis

Clearance of excess fluid during hospitalization is a primary
objective during hospitalization for HF decompensation.
This fluid clearance can be measured globally through
changes in weight loss and peripherally by observing reduc-
tions in oedema, with fluid cleared from several different

Figure 4 Correlations between change in weight during hospitalization and lung function measures. Greater weight loss was associated with increases
in forced expiratory volume in 1 s (FEV;) (A), forced expiratory flow at 25-75% of forced vital capacity (FEF,s_ss5) (B), peak expiratory flow (PEF) (C), and

capillary blood volume (Vc) (D).
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compartments with respect to intravascular and interstitial
spaces.” We investigated the pulmonary interstitial space
using a histogram-based approach to semi-quantitatively
determine EVLW in HF patients.’® This method has shown a
relationship between CT lung density and EVLW as measured
gravimetrically, suggesting the validity of this approach to
quantifying changes in EVLW in patients.’®” In the present
study, consistent reductions in EVLW in patients during hospi-
talization were observed. Despite approximately 25% of total
fluid removal occurring before the first CT scan, significant
fluid clearance was still observed in the lung between study
visits. There is likely a time delay between the clearance of
vascular fluid and the subsequent clearance of interstitial
fluid, especially in the lung. While the initial fluid clearance
is important for the improvement of dyspnoea and other
symptoms, subclinical levels of congestion likely remain,
which may have an effect on pulmonary function.

Spirometric measurements have been used to follow
improvement in acute HF patients following hospitalization.
Previous studies have shown initiation of treatment with
intravenous diuretics, which has been shown to result in
immediate improvements in spirometry, with a maximal
value reached after approximately 2 weeks, while DLCO does
not improve significantly.*>*® However, these studies do not
explain the relationship between the clearance of fluid and
improved functional measures or the time delay in functional
improvement. This delay is likely multifactorial but may
be linked to continued clearance of the congested state,
effects on airway reactivity, or changes in pharmacological
interventions.

Compared with a previous study in our laboratory using
the same histogram-based technique, the HF patients had
greater levels of EVLW compared with chronic, stable
patients.** EVLW is linked to decreased lung compliance
and subsequent reduced FVC and FEV,. Engorgement of the
small airways may limit FEF,5_;5, and this excess fluid likely
contributes to the reduced Dm and Dm/Vc ratio. This remain-
ing congestive state and the associated pulmonary oedema
can increase airway reactivity and may contribute to the
reduced function.™® If some degree of excess EVLW remains,
this reactive airway state likely remains at hospital discharge,
may persist after complete fluid clearance, and may
contribute to the reduced function. Finally, recommended
pharmacological interventions for HF may contribute to
pulmonary function improvements. Angiotensin-converting
enzyme (ACE) inhibitors, angiotensin 2 receptor blockers,
and diuretics improve fluid balance. As excess fluid is cleared,
lung compliance increases, improving FVC and FEV;, and Dm
increases as the alveolar—capillary membrane conductance
improves.?%?! Additionally, ACE inhibitors and spironolactone
have been linked to improvements in the alveolar—capillary
membrane function, independent of lung fluid changes.?**3
Down-regulation of the renin—angiotensin system and
aldosterone activity may act to reduce factors that lead to

thickening of the alveolar—capillary membrane and lung
fibrosis.>*?> Preventing these pathological changes would
be expected to improve both spirometric measures and gas
diffusion, and introduction of these medications to some
patients may contribute to the functional improvement
observed here, and patients for whom these medications
are contraindicated due to reduced kidney function may be
at risk for more rapid deterioration of pulmonary function.

Differences between patients with heart failure
with reduced ejection fraction and those with
heart failure with preserved ejection fraction

It is not fully understood where excess fluid is cleared from
during inpatient diuresis. It has been shown that fluid is
removed differently in patients with HFrEF, where greater
blood volume is removed, versus HFpEF, where greater inter-
stitial fluid is removed.” However, it is not well understood
how fluid accumulates in and is removed peripherally versus
centrally. In the present study, we found similar levels of
EVLW initially and similar levels of clearance from both HFrEF
and HFpEF patients and similar subsequent improvements in
pulmonary function. While in this study changes in pulmonary
congestion seem similar between HFrEF and HFpEF patients,
investigations into the pulmonary vascular blood volumes
are necessary to fully understand differences in pulmonary
congestion in these different HF populations.

Clinical relevance

Hospital readmission for HF decompensation is a growing
clinical problem that is difficult to predict.>® The amount of
EVLW has been suggested as a prognostically important
factor towards understanding decompensated HF.?”*
Additionally, the time course for changes in both EVLW and
functional values may be important. While subject-perceived
symptoms can resolve rapidly, EVLW and spirometry take
longer to fully resolve and may continue to improve after
discharge from the hospital. Our results suggest that
clearance of both peripheral congestion and pulmonary
congestion occur and contribute to the improvements in
clinical and functional measurements during hospitalization;
however, their relative contributions are not clear. The
present study, taken in concert with previous work, suggests
that some degree of pulmonary congestion remains at
hospital discharge. Residual congestion may allow for small
perturbations to cause a recurrent bout of decompensation
and hospitalization and contribute to the high rates of
30 day hospital readmission. Congestion is difficult to moni-
tor in both the inpatient and outpatient settings. Spirometry
may provide a method of understanding changes in a
patient’s congestive state to monitor both continued
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improvement immediately following hospitalization and
long-term functional status.

Limitations

Two limitations exist for the present study. First, the time
delay between hospital admission and recruitment to the
study was approximately 24 h. After this time, patients have
had at least one additional dose of diuretics, significant fluid
removal, and improvement in clinical symptoms. However,
three-quarters of the total fluid loss was still captured
between the study visits, and many significant changes in
physiology were observed. Second, the histogram technique
measures contributions from thoracic air, tissue, blood, and
EVLW. However, the longitudinal nature of the study mini-
mizes the effect of differences related to the tissue and blood
volumes as well as the presence of pacemakers or other
objects that may create a CT artefact when comparing time
points, and patients were instructed to hold their breath at
total lung capacity to ensure similar air volumes.

Conclusions

The present study was designed to improve the understand-
ing of pulmonary congestion during inpatient treatment for
decompensated HF. Significant reductions in weight and
blood pressure were observed as well as improvements
in spirometry measures and Dm/Vc ratio. Additionally,
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