Aﬁﬁ&@ﬁﬁﬁMI:~@7~$
EEEFRAE (mm)
EEIRMEERAE (mm)

. EEEHEE (mm)

- EEPREE (mm)

- 2ELUEOXREIRFFER (%)
2ELL EDEEHEER (%)
2EULED=ZRHBHR (%)

ﬂlm—r-—"@

HMERE (/mm3)

AST (1U/L)

FRRZEFR (mg/dl)

PREE (mg/dL)

CRP  (mg/dL)

BNP  (pg/mL)
ﬁﬁﬁﬂﬁmﬁﬁ

CERIYR (%)

BIEMTEE (%)

FIRE (%)

I EE (%)
 RmMMRE (%)
 RERIRERE (%)

L REXIRE (%)

BT ULE—E (%)
MERXRZIE (%)
FURAEE (%)

FIREZE (%)

o EBEHE (%)

 SIRMmMEREE (%)

L Ta b R THEHEE (%)
TH (%)

FEERE (%)
I:Gl /';?e (%)

“a%E

58
46
22
10
il

25

5582
25
30
6.6

0.63

388

DFEFABRL L

57
44
23
10
12
41
21

5619
24
27
6.4

0.69

388

18
72
80

DREFARESH Y

60
49
20
9
10
54
37

5490
26
39
7.2

0.49
565

32
80

INY] w0
NV OO OouU &5 G

piE

NS
NS
NS
NS
NS
NS
NS

NS
NS
0.0012
NS
NS
NS

NS
NS
0.0259
<0.0001
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS




BHLFRLEEQRRBOBET—2 2#EALT, LDRECTEARYT
LETORMET T HEHLEER LT

AREHKXDERMNEREZRATA=ODRIRENAMEZTITO ARG %
BELTWS, AEICTEEKXOERENRIANIE, T5A4<7) —
TT7TEDDAEZENA FELHIOHAELT, BERIZEE DT EREIC

NATHIENAREE LS ETARBIZEZ RGO L, EEERIBICES
Tét%i%héo

AEHXDZEEZRFT T H-ODRRESHERARNEITHFTHY,
NBDDAEBEENZFRSINT, FH5HBOBREHETHRDOBEAR
Tz, S, EREBFEZECL TCEHOBREHMICH TS LT

EEAROEEZRD




@

Hypertension Research (2013) 36, 450-456
© 2013 The Japanese Society of Hypertension Al rights reserved 0916-9636/13

www.nature.com/hr

ORIGINAL ARTICLE

Derivation of a mathematical expression for predicting
the time to cardiac events in patients with heart
failure: a retrospective clinical study

Akemi Yoshida', Masanori Asakura!, Hiroshi Asanuma?, Akira Ishii!, Takuya Hasegawa!, Tetsuo Minamino3,

Seiji Takashima*, Hideaki Kanzaki!, Takashi Washio® and Masafumi Kitakaze!

The prognoses for patients with certain diseases are estimated by averaging the results of clinical trials. To investigate the
possibility of deriving a mathematical formula for the estimation of prognosis, we formulated the equation ©=f(x, ..., x;),
where xi, ..., X, are clinical features and < represents the clinical outcome for heart failure (HF). We attempted to determine
the function to mathematically formulate the relationship between clinical features and outcomes for these patients. We
followed 151 patients (mean age: 68.6 + 14.6 years; men: 61.6%) who were consecutively hospitalized and discharged as a
result of acute decompensated HF (ADHF) between May 2006 and December 2009. The mathematical analysis was performed
through a probabilistic modeling of the relational data by assuming a Poisson process for rehospitalization owing to HF and by
linearly approximating the relationship between the clinical factors and the mean elapsed time to rehospitalization. The former
assumption was validated by a statistical test of the data, and the contribution of each parameter was assessed based on the
coefficients of the linear relation. Using a regularization method to analyze 402 clinical parameters, we identified 252 factors
that substantially influenced the elapsed time until rehospitalization. With the probability model based on the Poisson process,

the actual (X; 388 + 377 days) and estimated (¥; 398 + 381 days) elapsed times to rehospitalization were tightly correlated
(Y=1.0076X+6.5531, R2=0.9879, P<0.0001). We established a mathematical formula that closely predicts the clinical
outcomes of patients who are hospitalized with ADHF and discharged after appropriate treatment.

Hypertension Research (2013) 36, 450-456; doi:10.1038/hr.2012.200; published online 20 December 2012

Keywords: heart failure; mathematical model; prognosis; rehospitalization

INTRODUCTION

Studies show that numerous factors, including disease severity,
treatment protocols and the environment, independently determine
patients’ prognoses. For example, in patients with chronic heart
failure (CHF), many studies have shown that various independent
indices of the severity of CHE such as plasma B-type natriuretic
peptide (BNP) level, left ventricular function, exercise tolerance or
New York Heart Association (NYHA) functional class affect the time
to hospitalization or cardiac death.!~> However, because we could not
identify the elapsed time until hospitalization in certain patients with
CHE we estimated this time using knowledge of the pathophysiology
of CHE our experience with previous comparable patients and
Kaplan—-Meier plots of their hospitalization in the clinical studies;
we then explained our estimation to each patient. This procedure led
us to conclude that estimating the elapsed time to rehospitalization is
a type of problem that is specific to clinical medical science because
the results and outcomes of biology or basic medical sciences can be

derived from mathematically formulated equations. Furthermore,
other fields of basic science, such as physics and mathematics or
applied sciences, such as mechanics, thermodynamics and fluid
dynamics, are mathematically formulated; the observational phenom-
ena in applied sciences other than medical science can be predicted by
mathematical equations, for example, the law of universal gravita-
tion5 The most important issue in deriving a mathematical
expression for relationships among two or more factors is the
prediction of the future value of one variable based on the other
factor(s). All phenomena, such as the severity of CHF and the
patients’ characteristics before the occurrence of clinical events, may
therefore provide a mathematical equation for the clinical outcome if
we can relate factors in the patient’s clinical status to clinical
outcomes such as rehospitalization.

To investigate this possibility, we sought to solve the equation
©=flx1, ..., xp), where x;, ..., x;, represent clinical features affecting
the clinical outcome for CHE We attempted to determine the
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function (f) to yield 7, the time to rehospitalization, from the clinical
parameters (xj, ..., xp) reflecting patient characteristics at the time of
discharge.

METHODS

Ethics statement

This study was approved by National Cerebral and Cardiovascular Center
Research Ethics Committee. The Committee decided that the acquisition of
informed consent from the 151 subjects was not required according to the
Japanese Clinical Research Guideline because this was a retrospective observa-
tional study. Instead, we made a public announcement in accordance with the
request of the Ethics Committee and the Guideline.

Subjects and clinical parameters

A total of 486 patients with acute decompensated heart failure (ADHF) were
admitted between May 2006 and December 2009. Because patients who were
admitted for ADHEF only once were excluded, the remaining 151 patients were
included in this study. The oldest hospitalization was adopted regarding repeat
patients during this study. The diagnosis of HF was confirmed by an expert
team of cardiologists using the Framingham criteria.” Careful history-taking,
physical examinations, laboratory tests, chest X-rays, electrocardiograms,
Doppler echocardiographic studies, coronary angiography and right heart
catheterization were performed during the hospitalization. The timing of
patient discharge was determined by the expert team of cardiologists in charge
of the HF department; discharge was recommended when the patients
presented no signs of decompensation, such as NYHA functional class <3,
no sign of rales, no galloping rhythm, stable blood pressure and an
improvement in renal function due to an optimal treatment that followed
international guidelines.® Rehospitalization for the enrolled patients was
defined as hospitalization for decompensated HE The primary end point
was the first rehospitalization for decompensated HE

Cardiac catheterization

Left ventricular pressure was recorded with a 5-F pigtail catheter. Left
ventricular volume and ejection fraction were determined with left ventriculo-
graphy with a contrast medium using Kennedys formula. Right-sided
catheterization was performed using a 7F Swan-Ganz catheter to measure
pulmonary capillary wedge pressure, mean pulmonary artery pressure (PAP),
right ventricular end-diastolic pressure and mean right atrial pressure. Cardiac
output was measured using the estimated Fick principle and the Thermal
dilution. Systemic vascular resistance and pulmonary vascular resistance were
calculated using the established formulas: systemic vascular resistance = 80 x
(mean pulmonary artery pressure —mean right atrial pressure)/cardiac output
and pulmonary vascular resistance = 80 X (mean pulmonary artery pressure —
pulmonary capillary wedge pressure)/cardiac output.

Echocardiography

Echocardiographic examinations were performed with a Sonos-5500 (Philips
Medical System, Andover, MA, USA), Alpha 10 (Hitachi-Aloka Medical,
Tokyo, Japan), Vivid 7 Dimension (GE Healthcare, Buckinghamshire, UK),
ACUSON Sequoia C256 (Mochida Simens Medical System, Tokyo, Japan) or
Aplio XV (Toshiba Medical Systems, Tochigi, Japan) machine with a 2.5-MHz
probe. Patients underwent a Doppler echocardiographic study for HF at
admission and before discharge. Standard views were recorded, including the
parasternal long-axis, short-axis and apical 4- and 2-chamber views, and
cardiac chamber sizes and left atrial dimensions were evaluated according to
the recommendations of the American Society of Echocardiography.’ The
severity of valve regurgitation was quantified on a semicontinuous scale from
none (0) to severe.* Pulsed-wave Doppler examination and Doppler tissue
imaging of the mitral annulus was performed. The peak mitral early diastolic
inflow and atrial filling (E and A) velocities and the E-wave deceleration time
were obtained. The sample volumes of the pulsed Doppler tissue imaging were
determined at the septal and lateral margins of the mitral annulus. The peak
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early mitral annular velocities were measured, and then the average values of
the septal and lateral velocities were used as E'.

The mathematical model for the rehospitalization process

To construct a model for future rehospitalization using the basic clinical factors
for the patients, we adopted two working assumptions for the practical
rehospitalization process.

Assumption 1. A mean elapsed time t; from discharge to the rehospitalization
of patient { depends on some of the given clinical factors X' = < xi, ... ,xl t of
the patient, that is, a common subset Xg © X' over all patiénts.
The dependency is primarily approximated by the following inverse linear
relation:

T B ST (1)

where the denominator represents the expected frequency of cardiovascular
rehospitalization per day, X} is a set of values of the factors in X for patient 4,
B; is the contributing weight of the jth factor to the frequency and y is the
intrinsic frequency for any patient.

Assumption 2. The clinical factors X} of patient i are fairly stable between
discharge and rehospitalization. Thus, the expectation value of the mean
elapsed time ; remains nearly constant for patient i. As any event occurring
with a constant frequency in a given time period is generated by a Poisson
process,? rehospitalization also occurs via this process under Assumption 2.
Thus, the probability density pi(t) for the rehospitalization of patient i at an
elapsed time ¢ after discharge is represented by the following exponential
formula:

p)= e - £) ©)

The parameter 7; is given by Equation (1) according to Assumption 1.

We next describe the assumption test. Assumption 1 is limited to the
relationship between the parameter 7; and the clinical factors Xi. If the
accuracy of the approximation is insufficient, we can easily extend it to a
nonlinear relation such as a higher-order polynomial. Assumption 2 essentially
characterizes the process of the occurrence of rehospitalization and defines the
formula for its probability density pi(t). Accordingly, before the modeling of
the rehospitalization process based on a given data set, a test should be applied
to verify that Assumption 2 actually holds true for the given data set.

With n samples in the data set D= {(X,t;)[i=1, ..., n}, where X' is the set
of clinical factor values for patient i, and t; is the elapsed time at
rehospitalization after discharge, we first compute a histogram of the
rehospitalization occurrences over t, that is, the number of rehospitalization
occurrences i in each elapsed time interval ((k—1)At, kAt) (k=1, ..., q) in
the data set. The number of equal-width bins g into which to partition the
sample range [0, gAt] is appropriately chosen to be g=/n. (Venables and
Repley)!! We also expect a certain value of i by Equation (2) under
Assumption 2. The value 7 computed from the data set and its value
expected by Equation (2), my, should be consistent if Assumption 2 holds for
the data set. Consistency with 7, and 7y is evaluated by the following G-
score:'? '

G:ZZﬁqkln% (3)

Because this G-score is known to follow a 3? distribution of degree g —2, we
applied a y*-test to the null hypothesis that the histogram of the
given data set is consistent with Equation (2), that is, that Assumption 2
holds true for the data set. If the P-value of the test is less than a specific risk
level a such as a = 0.05, we conclude that Assumption 2 does not hold for the
data set. This G-test is known to be more rigorous than the well-known
Pearson’s y’-test.

Thus, our problem was to derive the expectation valuemy (k=1, ..., q)
from Equation (2). We considered that 7; of the patients in D are sampled from
a common population distribution p(t). Therefore, the total probability
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distribution of the rehospitalization time P(£) is expected to be a superposition
of Equation (2) for various 7 sampled from p.(7), as follows, where p(z) is
pit) in Equation (2} for a general t:

Pt)= 7pr<z>p<t>dr= [ozem(~ e
0 0

‘We use the following natural conjugate prior distribution for the unknown
Pr(T):
n
r‘"exp(— vty 1:,')

i=1

Iy ‘c“"exp(— DY ‘ti>d’5
i=1

p=(7)

where 7, is given by the data set D. The selection of this parameter distribution
is widely considered to be reasonable in Bayesian statistics because it preserves
the exponential shape of the distribution of elapsed times !> After several
manipulations, the following P(¢) is derived:

n n+2
(E T+ t)
i=1

Accordingly, the expectation my, is given by the accumulation of P(r) over
((k —1)At, kAt] as follows:

kAt

P(t)=

Mp=n P(t)dt
(k—1)At
n n+1 n n+1 (4)
Z Ti Z Tt
=n|— i=1 —n|— i=1
S+ (k—1)At > T+ kAr

Using Equations (3) and (4), we tested the validity of Assumption 2 for the
given data set D.

Finally, we describe the modeling algorithm. First, the value of every factor
x]?i for all patients i=1, ..., n in D was normalized to fit into the interval [0,1]
using the maximum and minimum values. This normalization to eliminate
differences in the factor scales was necessary to allow for the measurement of
the essential contribution of each factor’s variation to t; Subsequently, we
applied Equations (1) and (2) to the normalized data set Dy to model the
probabilistic rehospitalization process when Assumption 2 holds for the data
set. We determined the model parameters f§; and v in Equation (1) to
maximize the following objective function:

n P _ fp )
L(ﬁl, ,B,,,y) = ln[ﬂ (j=1 ﬂjx;w) xp{ - @ﬁ,x;w)r,ﬂ

i=1

—A(j;)ﬁj1+;yl)
i (5)

The first term is the log-likelihood of the model consisting of Equations (1)
and (2) over Dy. The second term is called an L1-regularization term, which
penalizes the coefficients of negligible factors by setting them equal to zero
when the larger hyper-parameter ) eliminates more factors.!>!* This term
avoids the over-fitting of the model to the data set by selecting a set of effective
factors X% from a given X In our study, A is tuned to be 0.02 to maintain the
largest value of Equation(5) similarly to the other parameters f§; and .

To seek the optimum parameter values of f ..., v that maximize the
objective function L(y,....Bp 7), we applied a simple greedy hill-climbing
algorithm, in which the parameter values are iteratively modified toward their
gradient direction (aL/BI,...,GL/ﬁP, OL/y). When the improvement of L
becomes nearly negligible, the resulting parameter values are taken as the
optima. Because this process depends on the initial values of the parameters,
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we repeated this optimization 100 times starting with random initial values
and selected the result providing the maximum L.

RESULTS

Patients characteristics

Out of the 151 patients, 36 died of cardiovascular events after
rehospitalization during the follow-up period. The remaining 115
patients were readmitted to our hospital at a median time of 296 days
after discharge (range, 3-1891). Among these patients, the HF
etiologies were valvular heart disease (n=38), dilated cardiomyo-
pathy (n=30), hypertrophic cardiomyopathy (n = 22), ischemic heart
disease (n=20), hypertensive heart disease (n=17) and others. Their
mean age was 68.6+ 14.6 years (range, 19-93), and 38% of the
patients were women. The clinical characteristics of the 151 patients
are summarized in Table 1.

Validation of the formula

We hypothesized that the time-to-rehospitalization histogram for all
patients (Figure 1) should be distributed exponentially if the
mathematically estimated formula for the prognosis of each patient
is regarded as a Poisson distribution. We therefore validated the
assumptions of the model architecture. The goodness of fit was
controlled by a y2-test, considering that the incidence rates of
rehospitalization or death differ depending on the patients. Thus,
the null hypothesis that the observed frequency is a mixed Poisson
process was tested, as explained in the Methods section. We chose an
elapsed time to rehospitalization of 150 days, which is one-thirteenth
of the range of the time interval [1,1,950] according to the measure of
q=+/n=+/151 = 13. As a result, the P-value was 0.29, which was
far larger than 0.05, and we confirmed that the null hypothesis was
not rejected. Therefore, we concluded that the mathematically derived
estimation formula for the rehospitalization of each patient was a
mixed Poisson distribution.

Factors in rehospitalization for HF

We collected 402 clinical factors (Figures 2 and 3), and 150 out of 402
factors having small effects on the prognosis were automatically
excluded by the regularization method described in the Methods
section. Finally, we selected 252 factors for the analysis (Figures 2 and
3). The estimation results for the attribute coefficients are presented
in bar graph form and numerically.

Regarding underlying diseases in HE whereas dilated cardiomyo-
pathy (—4.5), hypertrophic cardiomyopathy ( —1.5) and hypertensive
heart disease ( —1.0) had better outcomes, valvular disease (7.4) and
dilated phase hypertrophic cardiomyopathy (2.4) had poor prognoses.
Ischemia (4.4) was the worst trigger of HE Based on laboratory data,
whereas elevated inflammatory response values, such as white blood
cell counts ( —1.6/5.8; at admission/at discharge) or C-reactive protein
levels ( —2.2/8.1; at admission/at discharge), did not indicate a poor
prognosis at admission, these elevated inflammatory response values
at discharge were associated with a poor prognosis. Increases in the
levels of aspartate aminotransferase (6.6), alanine aminotransferase
(3.2), uric acid (6.6) and BNP (4.8) at discharge also indicated a poor
prognosis. Patients who received dopamine (11.9), isosorbide dini-
trate (5.0) or diuretic (2.0) infusions in the acute management of HF
showed worse prognoses. In contrast, the use of dobutamine ( —2.5)
or nitroglycerin (—2.5) drip infusions resulted in better prognoses.

Regarding oral medications at discharge, the angiotensin-convert-
ing enzyme alacepril (—4.2), the B-blocker carvedilol (—7.1, the best
response), the angiotensin receptor blocker telmisartan (—1.6), the
diuretic furosemide (—4.2), the lipid-lowering drugs pitavastatin



Table 1 Patient characteristics

Population (n=151)

68.6+14.6
58 (38)

Age (years)*®
Gender, femaie, n (%)

Medical history
Frequency of heart failure (time)* 3. .
Hypertension 73 (48)
Diabetes mellitus 55 (36)
Hyperlipidemia 45 (30)

2125

Signs at admission

Elevated jugular venous pressure 84 (56)

Sz gallop 85 (56)
Lower extremity edema 76 (50)
NYHA functional class: I1/HI/IV 54/44/53
Clinical scenario: 1/2/3/4/5 28/77/34/0/12
Nohria—profile A 2(1)
Nohria—profile B 108 (72)
Nohria—profile C 28 (19)
Nohria—profile L 13 (9)

Baseline characteristics at admission/at
discharge

Heart rate (beatsmin~1)*

Systolic BP (mm Hg)*

84.41+26.7/73.2+58.3
124.4+31.8/
111.04£15.8
68.5+17.5/59.4+8.4
57.34£13.5/52.3£11.9
4.6+£3.8

Diastolic BP (mm Hg)*
Body weight (kg)*
A Body weight (kg)*

Laboratory factors at admission/at discharge
Hemoglobin (gd!—1)*
Leukocytes (109 —1)*

12.4+£7.7/11.8£2.0
6940+ 2982/
5968 £ 2464
28.6+20.7/30.0+19.7
1.27+£0.90/1.24 +0.69
137.643.9/136.8+4.3
7.5+20/7.4+2.1
0.92+0.67/0.71£0.42
1.3£2.8/0.7+1.8
920 +£956/439+ 548
781226

Blood urea nitrogen (mgdl—1)*

Creatinine (mgdl~1)*

Sodium (mEqgl~1)*

Uric acid (m%dl“l)*‘

T-bil (mgdl—1)*

C-reactive protein (mgdt—1)*

BNP (pgml—1)*

A BNP (pgml—1) (1 month after discharge-at
discharge)*

Echocardiographic factors at admission/at discharge
Left ventricular end-diastolic dimension 589+13.3/58.3+11.9
(mm)*
Left ventricular end-systolic dimension (mm)*
Fractional shortening (%)*
Ventricular septum thickness (mm)*
Posterior wall thickness (mm)*
Left atrial diastolic dimension (mm)*
Pressure across tricuspid valve (mm Hg)*

47.4+15.2/45.8+14.6
21.2+11.5/23.1+11.4
9.6+£29/9.6+27
9.8+2.5/9.6+2.0
49.9+8.1/47.8+9.3
37.0%£16.3/25.4+10.5

Medication at admission

Use of dopamine, n (%) 10 (6)
Use of dobutamine, n (%) 33 (22)
Use of phosphodiesterase inhibitor, n (%) 13 (9)
Use of carperitide, n (%) 32 (21)
Use of nitroglycerin, n (%) 22 (15)
Use of diuretics, n (%) 60 (40)

Abbreviations: BNP, B-type natriuretic peptide; BP, blood pressure; NYHA, New York Heart

Association; T-bil, total bilirubin.

*Plus or minus values are means s.d. Clinical profiles were classified as profile A (dry-warm),
B (wet-warm), C (wet—cold) or L {dry-cold).

(—3.3), atorvastatin (—2.9) and ezetimibe (—2.2), the coronary
dilator isosorbide dinitrate (—3.1), the antiallergic fexofenadine
hydrochloride ( —5.1), the sedative-hypnotic triazolam ( ~3.2), pro-
ton pump inhibitor lansoprazole ( —0.9) and all antiflatulents, except
toughmac, led to better prognoses. However, Ca inhibitor nifedipine
(9.4) resulted in the worst outcome, and all diabetes drugs, antiar-
rhythmic drugs, potassium agents, vitamins and purgatives, excluding
senna, were associated with worse prognoses.
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Figure 1 Time-to-rehospitalization histogram for all patients.

Fitting the model to clinical data

The mean actual value for rehospitalization (X) was 388 +377 days,
whereas the mean estimated value calculated by the probability model
based on a Poisson process (Y) was 398 381 days; X and Y were very
tightly correlated (Figure 4). The results showed that the mathema-
tical formula for rehospitalization time is the dependent variable, and
the clinical and personal factors before rehospitalization are the
independent variables.

DISCUSSION

This study provided evidence that the values of numerous factors,
including risk factors at one phase of disease, can be used to construct
a mathematical equation to predict clinical outcomes. We were able to
derive the equation t=f(x), ..., x,), where t is the time to a future
clinical event and xy, ..., x, are clinical factors observed before the
event. In this case, T represents the days until rehospitalization after
discharge, and xj, ..., x, are the clinical and personal factors for
patients hospitalized for ADHE This study provides evidence that the
clinical outcome of v in this context is a function of 252 significant
factors such as plasma BNP levels at and soon after discharge. This
study presents the time to rehospitalization as the dependent variable
and the clinical and personal factors before rehospitalization as the
independent variables.

This study suggests the novel idea that the time to clinical events,
such as rehospitalization or death, can be mathematically formulated
from clinical and personal factors, demonstrating that clinical
medicine can engage in physical science. The novelty of this study
is based on the fact that clinical outcomes have been thought to be
determined mainly from medical knowledge and the experience of the
physicians. It can be argued that the known effectiveness of drugs may
determine the time course of clinical events. Although this is partially
true,”>"1” no one knows how one drug or the combination of several
drugs affects patients with different degrees of severity of a given
disease. It may also be argued that large-scale trials may better depict
clinical outcomes; for example, the patients with BNP levels of <170
pg/ml showed a 20% reduction of rehospitalization compared with
the patients with BNP levels greater than 170 pg/ml'®!® Evaluating
such results by Kaplan—Meier analysis is common in clinical medicine;
however, this analysis only provides the average tendency of the
average patient to wundergo rehospitalization and does not
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Figure 2 Factors influencing the estimation of rehospitalization for HF and the contribution of each parameter. All of the clinical and personal factors for
the patients with HF. Predictor variables with coefficient indicate the factors selected after the application of the regularization method. Negative values
indicate favorable impact on prognosis, whereas positive values indicate undesirable effect. HF, heart failure; ADHF, acute decompensated heart failure;
NYHA, New York Heart Association; CTR, cardiothoracic ratio; ECG, electrocardiogram; AST, aspartate aminotransferase; ALT, alanine aminotransferase;
BNP, B-type natriuretic peptide; UIBC, unsaturated iron-binding capacity; LYDd, left ventricular end-diastolic dimension; LVDs, left ventricular end-systolic
dimension; FS, fractional shortening; IVS, interventricular septal thickness; PW, left ventricular posterior thickness; LAD, left atrial dimension; TMF-E, the
peak mitral inflow early diastolic velocity; TMF-A, the peak mitral inflow atrial filling; DcT, deceleration time; TR PG, tricuspid regurgitation pressure
gradient; PAEDP, pulmonary artery end-diastolic pressure; MR, mitral regurgitation; AR, aortic regurgitation; AS, aortic stenosis; MS, mitral stenosis; ACEI,
angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor blockers; DM, diabetes mellitus; [ABP, intraaortic balloon pumping; PCPS,
percutaneous cardio pulmonary support; EDVI, end-diastolic volume index; ESVI, end-systolic volume index; IVC, inferior vena cava respiratory change; £/£/,

ratio of peak mitral £-wave velocity to peak mitral annular velocity.

prospectively provide a future clinical outcome for each patient.
Indeed, in the epidemiological study, many biomarkers, such as BNP
levels or C-reactive protein levels in addition to the classical risk
factors, such as hypertension or diabetes mellitus, are known to be
related to cardiovascular events and death. However, Wang et al?°
showed that although multiple biomarkers are associated with a high
relative risk of adverse events, even in the combination of these factors
they add only moderately to the prediction of risk in an individual
person. This suggests that the occurrence of cardiovascular events may
not be well predictable or mathematically formulated. On the other
hand, using the formula developed in this study, we can identify the

Hypertension Research

day of a clinical event to within a small range, suggesting that we need
more clinical data to predict the future outcomes or obtain the
mathematical formula for the prediction than we expected.

It would be difficult to strictly prove that this mathematical
formula is correct because no gold standard or correct answer is
available in the medical literature. However, there are hints as to the
correctness of this formula. First, we assume that the probability of
rehospitalization follows a Poisson distribution; if this is true, a
histogram of the day of rehospitalization after discharge should follow
a Poisson distribution. We found that the present data for the actual
day of rehospitalization are distributed as a Poisson distribution.
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Figure 3 Factors influencing the estimation of rehospitalization for heart failure and the contribution of each parameter. All of the medications at discharge
for the patients with heart failure. Medications were calculated as ratios of their recommended doses. All drugs were divided into 55 groups. Predictor
variables with coefficient indicate the factors selected after the application of the regularization method. Negative values indicate favorable impact on

prognosis, whereas positive values indicate undesirable effect. HF, heart

failure; ADHF, acute decompensated heart failure; NYHA, New York Heart

Association; CTR, cardiothoracic ratio; ECG, electrocardiogram; AST, aspartate aminotransferase; ALT, alanine aminotransferase; BNP, B-type natriuretic
peptide; UIBC, unsaturated iron-binding capacity; LVDd, left ventricular end-diastolic dimension; LVDs, left ventricular end-systolic dimension; FS, fractional
shortening; IVS, interventricular septal thickness; PW, left ventricular posterior thickness; LAD, left atrial dimension; TMF-E, the peak mitral inflow early
diastolic velocity; TMF-A, the peak mitral inflow atrial filling; DcT, deceleration time; TR PG, tricuspid regurgitation pressure gradient; PAEDP, pulmonary
artery end-diastolic pressure; MR, mitral regurgitation; AR, aortic regurgitation; AS, aortic stenosis; MS, mitral stenosis; ACEI, angiotensin-converting
enzyme inhibitors; ARB, angiotensin receptor blockers; DM, diabetes mellitus; IABP, intraaortic balloon pumping; PCPS, percutaneous cardio pulmonary

support; EDVI, end-diastolic volume index; ESVI, end-systolic volume index;

velocity to peak mitral annular velocity.

Second, when we compared the day of rehospitalization in a clinical
setting and the calculated day of rehospitalization obtained by the
formula, these two data are well fitted, suggesting that the current
formula is likely to be correct. Third, we prevented over-fitting of the
clinical data using the free variables, indicating the suitability of the
present formula.

We do not believe that this equation is the perfect formula to
predict the day of rehospitalization from numerous variables.
Although we included 402 factors as the free variables, including
factors as diverse as echocardiographic data and marital status, we
may have neglected to include other unknown but important factors
that may determine the day of rehospitalization. We did not include
information on patient genetic backgrounds, such as point mutations
in the myosin heavy chain, or social status, such as occupation or
annual income, private matters, such as hobbies or personal
characteristics, and mental health parameters, such as depression.
The inclusion of these issues may improve the formula presented in

IVC, inferior vena cava respiratory change; E/E’, ratio of peak mitral E-wave

this study; however, the present formula already provides a good fit
with an R? value of 0.9879. Most importantly, the importance of the
possibility of constituting such a mathematical formula in clinical
practice is now clear.

In this study, we assumed that a linear function of each parameter
contributes to the formation of the formula for the clinical outcome.
One might suggest the use of nonlinear functions of all of the factors
to provide a more accurate approximation of the rehospitalization
time. In fact, we performed a nonlinear analysis using this data, and
surprisingly, the nonlinear method using support vectors yielded no
improvement over the present formula using the linear functions of
the factors.

LIMITATIONS

First of all, the factors in this study may have confounded each other,
and we used the regularization method to eliminate automatically the
factors that have weak effects on prognosis. Although the remaining
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Figure 4 Correlation between the clinical data and the values calculated
using the mathematical formula. The clinical data are in "excellent
agreement with the calculated times.

factors with strong effects on prognosis could have confounded each
other, the results of this study are probably not weakened because we
obtained a good fitting to the clinical outcome using these factors.
When we consider the clinical and pathophysiological meaning of
each factor, we need to pay attention to each factor independently.

The other main limitation of this study is that the patient
population consists of a retrospective cohort. However, because we
enrolled all of the patients who were admitted to our department
during the entry period, the selection bias may be small. Furthermore,
this is a single-center study, so the formula may be true only in our
institute. However, because (1) approximately one-half of the patients
who were hospitalized during this time were referred from other
hospitals, (2) the nature and treatment of HF did not differ among
the hospitals and (3) our hospital sets a high standard for CHF
treatment and specializes in receiving CHF patients from all over
Japan; we believe that the formula developed in this study may be
generalized. We estimated the day of rehospitalization in this study;
however, the important issue is the ability to make this prediction,
which needs further investigation.

CONCLUSIONS

This study demonstrated that clinical medicine and practice can use a
mathematical formula to predict clinical outcomes or events using
current data. A prospective study is needed to test whether this
formula predicts the day of rehospitalization in CHF patients who are
admitted because of ADHF and discharged after treatment. The
application of these risk factors to individual CHEF patients may
distinguish those patients who are at low risk from those who are at
high risk and may benefit from closer monitoring and aggressive
treatment.
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Imazu M, Takahama H, Asanuma H, Funada A, Sugano Y, Ohara
T, Hasegawa T, Asakura M, Kanzaki H, Anzai T, Kitakaze M. Patho-
physiological impact of serum fibroblast growth factor 23 in patients with
nonischemic cardiac disease and early chronic kidney disease. Am J Physiol
Heart Circ Physiol 307: H1504-H1511, 2014. First published September 12,
2014; doi:10.1152/ajpheart.00331.2014.—Although the important role
of fibroblast growth factor (FGF)23 on cardiac remodeling has been
suggested in advanced chronic kidney disease (CKD), little is known
about serum ($)FGF23 levels in patients with heart failure (HF) due to
nonischemic cardiac disease (NICD) and early CKD. The present
study aimed to investigate sFGF23 levels in NICD patients and
identify the responsible factors for the elevation of SFGF23 levels. We
prospectively measured sFGF23 levels in consecutive hospitalized
NICD patients with early CKD (estimated glomerular filtration rate =
40 ml-min~!-1.73 m~?) and analyzed the data of both echocardiog-
raphy and right heart catheterization. Of the 156 NICD patients
(estimated glomerular filtration rate range: 41-128 ml-min~'1.73
m™2), the most severe HF symptom (New York Heart Association
class III-IV, 53% vs. 33%, P = 0.015) was found in the above median
sFGF23 (39.1 pg/ml) group compared with the below median sFGF23
group. sFGF23 levels were higher in patients with HF hospitalization
history compared with those without HF [median: 46.8 (interquartile
range: 38.8-62.7) vs. 34.7 (interquartile range: 29.6-42.4) pg/ml, P
< 0.0001]. In the multivariate analysis, HF hospitalization was
independently related to elevated sFGF23 levels (P = 0.022). Both
systolic dysfunction and high plasma aldosterone concentration were
identified as predictors of high sSFGF23 levels (P < 0.05). Among the
neurohormonal parameters, elevated sFGF23 levels were the only
factor to predict a declining left ventricular ejection fraction (P =
0.001). These findings suggest that the progression of HF per se
contributes to the elevation of sSFGF23 levels even in the early stages
of CKD, which leads to further myocardial dysfunction, potentially
creating a vicious cycle.

fibroblast growth factor 23; heart failure; chronic kidney disease

FIBROBLAST GROWTH FACTOR (FGF)23, a phosphate-regulating
hormone secreted from osteoblasts, promotes urinary phospho-
rus excretion and inhibits the activation of vitamin D in the
presence of its cofactor, Klotho (1, 11, 21). Recent studies have
suggested that an elevated circulating FGF23 level is an inde-
pendent risk factor for mortality and morbidity in patients with
chronic kidney disease (CKD) (8, 12) and a potential risk
factor for cardiovascular events in a community-based popu-
lation (10). Furthermore, a recent experimental study (4) has
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demonstrated that FGF23 directly promotes cardiomyocyte
hypertrophy. Several clinical studies have also suggested the
relationship of serum FGF23 levels with both cardiac dysfunc-
tion (25) and hypertrophy in CKD patients (7) and the associ-
ation between serum FGF23 levels and clinical outcomes in
outpatients with stable heart failure (HF) (20). Interestingly,
the previous studies have suggested no relationship of FGF23
levels with the prevalence of coronary artery disease (CAD)
(25) and coronary artery calcification (24). These clinical and
experimental findings have the significant implication that
FGF23 can directly influence cardiac function and structure
other than the ischemic mechanisms. These findings facilitated
us to hypothesize that FGF23 plays a role on the progression of
cardiac dysfunction in patients with nonischemic cardiac dis-
ease (NICD). In addition, other studies (6, 28) have also
reported that circulating FGF23 levels are elevated before the
development of overt hyperphosphatemia in the early stages of
CKD. These lines of evidence promoted us to test the idea that
serum FGF23 levels are elevated even in early stages of CKD
and affect the pathophysiology in HF patients. Furthermore, it
is also crucial to identify the risk factor to elevated FGF23
levels in HF patients, although the determinants of serum
FGF23 levels in NICD patients have not yet been completely
identified in the clinical setting.

Accordingly, we measured serum FGF23 levels in NICD
patients without advanced renal impairment, surveyed the
relationship of serum FGEF23 levels with cardiac structure,
function, and the hemodynamic state, and sought to identify the
determinants of serum FGF23 levels in NICD patients.

METHODS

Study design. This study was a prospective cross-sectional study of
serum FGF23 levels in hospitalized patients with NICD at a single
center.

NICD patients. Since previous studies have suggested that serum
FGF23 levels increased marginally with declining renal function
below 30—-40 ml/min of glomerular filtration rate (GFR) (13, 28), we
set the inclusion criteria for renal function as an estimated GFR
(eGFR) of =40 ml'-min~'-1.73 m~2 We could obtain written in-
formed consents from a total of 181 consecutive patients admitted to
our department between January and December 2012 (male patients:
n = 93, 51.4%; female patients: n = 88, 48.6%). Patients with CAD
were excluded from this study. All patients received coronary angiog-
raphy or coronary computed tomography. CAD was defined by =75%
narrowing in one or more coronary arteries or clinical history of
myocardial infarction or coronary artery bypass surgery or percuta-
neous coronary intervention. Of the included patients, whether the HF
episode met Framingham criteria was reviewed by two investigators
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(M. Imazu and H. Takahama) via medical records and confirmed that
all patients met the criteria. Patients with cardiomyopathy underwent
either myocardial biopsy or cardiac MRI for diagnosis. Diagnosis for
cardiomyopathy was based on the definition of the World Health
Organization/International Society and Federation Cardiology Task
Force (23).

Biomarker measurements. Patients underwent a blood test for
measurements of serum levels of FGF23, creatinine, calcium, phos-

Table 1. Baseline characteristics in NICD patients

H1505

phate, intact parathoroid hormone, troponin T, IL-6, TNF-a, plasma
renin activity, and plasma levels of aldosterone in the present study
before being discharged from the hospital. Blood sampled from the
patients was placed in tubes with EDTA, and the serum was separated
and frozen in plastic tubes at —80°C until analysis. The serum FGF23
level was measured with a chemiluminescence enzyme immunoassay
(Kyowa Medex, Tokyo, Japan) as previously described (26). Both
serum concentrations of IL-6 and TNF-a were measured with immu-

Characteristics Below Median Group Above Median Group P Value
n 78 78
Demographic data
Age, yr 66 (IQR: 55-74) 57 (IQR: 43-69) 0.011
Women/men, % 60/40 40/60 0.010
New York Heart Association class III-IV, % 33 53 0.015
History
HF hospitalization, % 23 60 <0.0001
Hypertension, % 50 37 0.106
Diabetes mellitus, % 21 27 0.324
Stroke, % 12 10 0.797
Atrial fibrillation, % 22 40 0.015
Etiology of NICD <0.0001
Primary cardiomyopathy, n 19 38 0.235
Idiopathic dilated cardiomyopathy, n 9 24
Hypertrophic cardiomyopathy, n 9 14
Arrhythmogenic right ventricular cardiomyopathy, n 1 0
Secondary cardiomyopathy, n 5 11 0.036
Amyloidosis, n Q 4
Myocarditis, n 3 1
Cardiac sarcoidosis, 7 1 0
Other, n 1 6
Valvular disease, n 51 21 0.070
Aortic stenosis, n 21 4
Aortic regurgitation, n 7 1
Mitral stenosis, n 6 1
Mitral regurgitation, n 10 8
Tricuspid regurgitation, n 0 1
Postvalve replacement, n 7 6
Hypertensive heart disease with HF, n 3 8
Physical findings
Systolic blood pressure, mmHg 116 (IQR: 107-126) 104 (JQR: 93-118) <0.0001
Heart rate, beats/min 65 (IQR: 58-76) 70 (JQR: 62-77) 0.081
Body mass index, kg/m? 22.5 (IQR: 20.0-25.7) 22.1 (IQR: 19.9-25.3) 0.970
Medications
B-Blockers, % 41 69 0.0004
Angiotensin-converting enzyme inhibitors or angiotensin II receptor blockers, % 46 64 0.024
Loop diuretics, % 22 62 <0.0001
Aldosterone antagonists, % 9 58 <0.0001
Statins, % 32 23 0.210
Laboratory data
Phosphate, mg/dl 3.6 (IQR: 3.2-3.9) 3.7 (IQR: 3.3-4.1) 0258
Intact parathyroid hormone, pg/dl 52 (IQR: 40-63) 56 (IQR: 41-80) 0.137
e¢GFR, ml'min~!-1.73 m™2 73 (IQR: 63-83) 69 (IQR: 55-80) 0.060
Troponin T, ng/mi 0.010 (IQR: 0.008-0.014) 0.015 (IQR: 0.009-0.023) 0.027
TNF-a, pg/ml 0.81 (IQR: 0.40-1.61) 1.36 (IQR: 0.85-2.05) 0.008
IL-6, pg/ml 1.51 (IQR: 0.92-2.66) 2.16 (IQR:1.29-3.19) 0.024
Plasma renin activity, ng-ml~!-h~? 1.4 (IQR: 0.4-3.8) 6.5 (IQR: 1.2-13.6) 0.0003
Plasma aldosterone concentration, ng/dl 12.6 (IQR: 8.5-16.3) 14.4 (IQR: 8.7-29.9) 0.032
Brain natriuretic peptide, pg/ml 81 (JQR: 41-162) 154 (IQR: 55-289) 0.007
TmP/GFR, mg/dl 3.29 (IQR: 2.90-3.55) 3.19 (IQR: 2.66-3.81) 0.797
FGF23, pg/ml 31.1 (JQR: 27.6-35.3) 51.3 (IQR: 43.2-61.5)
Echocardiography data
LVEDV index, ml/m? 103 (IQR: 84-139) 128 (IQR: 90-165) 0.098
LVEF, % 63 (JQR: 45-68) 38 (IQR: 23-60) <0.0001
Relative wall thickness 0.37 (IQR: 0.29-0.48) 0.33 (IQR: 0.25-0.41) 0.101
Left atrial volume index, ml/m? 51 (IQR: 38-69) 57 (IQR: 49-71) 0.109

Values are numbers of patients (n), medians with interquartile ranges (IQRs), or percentages. The below median group comprised patients with a less than
median value of serum fibroblast growth factor (FGF)23 level (39.1 pg/ml); the above median group comprised patients with a greater than median value of serum
FGF23 level. NICD, nonischemic cardiac disease; HF, heart failure; eGFR, estimated glomerular filtration rate (¢GFR); TmP/GFR, tubular maximal reabsorption
rate of phosphate to GFR; LVEDV, left ventricular (LV) end-diastolic volume; LVEF, LV ejection fraction.
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Fig. 1. Serum fibroblast growth factor (FGF)23 levels in patients with nonischemic cardiac disease (NICD). A: serum FGF23 levels in NICD patients. Red and
blue squares show patients with a history of heart failure hospitalization (HOSP group) and without any history of HF hospitalization (non-HOSP group),
respectively. *P < 0.0001, non-HOSP group vs. HOSP group. Values are shown as medians and 5-95% distribution. B: relationships between estimated
glomerular filtration rate (eGFR) and serum FGF23 levels in NICD patients with and without a history of heart failure hospitalization. Graphs indicate the
correlations between serum FGF23 levels and eGFR. Red and blue plots and lines show patients in the HOSP and non-HOSP groups, respectively. There was
no difference in the relationship between eGFR and serum FGF23 levels in the non-HOSP group (r = 0.129, P = 0.224). In contrast, a steeper relationship
between eGFR and serum FGF23 levels was found in patients in the HOSP group (r = 0.342, P = 0.005 in the HOSP group, group difference, P = 0.042).

noassays (R&D Systems). The plasma intact parathoroid hormone
level was measured by an electrochemiluminescence immunoassay
(Roche Diagnostics, Tokyo, Japan). eGFR (in ml'-min™!-1.73 m™?2)
was calculated according to the following published equation for
Japanese individuals: 194 X serum creatining™0%* X age™%-2%7
(X 0.739 for women) (18). Both plasma renin activity and aldosterone
concentration were measured by radioimmunoassays (Fujirebio, To-
kyo, Japan). Urinary creatinine and phosphate concentrations were
obtained via medical records. As previously described (2), the tubular
reabsorption of phosphate (TRP) was calculated using the following
equation: 1 — (Up/Pp) X (Pc/Ucy), where Uy and Py, are urine and
plasma phosphate concentrations, respectively, and Pe, and Ug, are
urine and plasma creatinine concentrations, respectively. The renal
tubular maximum reabsorption rate of phosphate to GFR (TmP/GFR)
was calculated according to the following equation: TRP X P, (if
TRP = 0.86) or 0.3 X TRP/[1 — (0.8 X TRP)] X P, (if TRP > 0.86).

Echocardiography. We retrospectively reviewed the data of echo-
cardiography of the enrolled patients via their medical records. Left
ventricular (LLV) dimensions, left atrium volume, and wall thickness
were measured according to American Society of Echocardiography
guidelines (16). LV ejection fraction (LVEF) was measured using the
Simpson biplane method or the semiquantitative two-dimensional
visual estimate method as previously described (22). LV end-diastolic
volume and mass were calculated using the Teichholz and Devereux
formula (3, 27), respectively.

Right heart catheterization. The indication of right heart catheter-
ization (RHC) was determined by the need of disease managements
for an assessment for the HF severity for hospitalized patients. We
collected the data from all enrolled patients who underwent RHC.
Standard RHC was performed using a Swan-Ganz catheter (Good-
man, Tokyo, Japan). Cardiac output was calculated with the direct
Fick method as O, consumption divided by the arteriovenous O,
difference, as previously described (15). Briefly, O, consumption was
obtained by a respiratory gas analyzer (Aeromonitor AE-300S, Mi-
nato Medical Science, Osaka, Japan). Levels of hemoglobin, O,
saturation, and Po, (arterial and venous Po,) were measured by a

blood gas analyzer (OSM3, Radiometer, Copenhagen, Denmark).
Blood from a vein was sampled from the pulmonary artery.

Clinical outcomes. After the enrollment in this study, we investi-
gated cardiovascular death, heart transplantation, implantation of a
LV assist device, and rehospitalization for HF over 1 yr through
medical chart review or a letter. Cardiovascular events were defined as
a composite of cardiovascular death, implantation of a LV assist
device, or rehospitalization for HF.

Ethics. Written informed consent was obtained from all subjects.
This study was approved by our institutional ethics' committee and
was conducted in accordance with the Declaration of Helsinki.

Statistical analysis. Data are expressed as medians and interquartile
ranges (IQRs). Between-group differences were compared with a
x>-test for categorical variables. Student’s #-test (normalized distrib-
uted data) or Wilcoxon’s rank sum test (non-normalized distributed
data) was used for the comparison of continuous variables between
two groups. Pearson’s correlation coefficient analysis or Spearman’s
rank correlation coefficient analysis and linear regression were used to
assess the relationships between FGF23 levels and other variables.
The multiple linear regression model was used to test multiple
covariates. All variables with P < 0.10 in univariate analysis were
selected and performed into the multivariable models. All tests were

Table 2. Comparison of serum FGF23 levels in non-HF and
HF patients

Nonhospitalized group versus Adjusted Mean 95% Confidence
hospitalized group Difference Interval P Value
Model 1 —7.260 —9.877, —4.642 <0.0001
Model 2 —6.190 —8.802, —3.578 <0.0001
Model 3 —3.989 —6.771, —1.206 0.005

Model 1 was adjusted for age and sex, model 2 was adjusted for age, sex, and
eGFR, and model 3 was adjusted for age, sex, eGFR, and use of loop diuretics
(yes = 1).
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Table 3. Univariate and multivariate analyses of serum FGF23 levels in laboratory data

Univariate Analysis

Multivariate Analysis

Variables Regression coefficient, pg/ml 95% confidence interval P value Regression coefficient, pg/ml 95% confidence interval P value
eGFR -0.329 —0.495, —-0.163 0.0001 0.237 —0.510, 0.037 0.089
Troponin T 2358 2.741, 468.9 0.047 70.40 —185.9,326.7 0.587
TNF-a 2.227 0.260,4.194 0.027 2718 —0.538,5.968 0.101
IL-6 0.628 —0.580, 1.837 0.306
White blood cell count 0.0003 -0.0013, 0.0019 0.747
C-reactive protein 2.579 —5967,11.13 0.552
Plasma aldosterone .

concentration 0.384 0.194,0.573 0.0001 0.345 0.122, 0.567 0.003

n = 156 patients total. In the multivariate model, age and sex were adjusted.

two-tailed, and P values of <0.05 were considered significant. These
analyses were performed with JMP 10 (SAS Institute, Cary, NC).

RESULTS

Relationship between clinical features of NICD-induced HF
patients and serum FGF23 levels. We excluded 25 CAD
patients from this study according to the aim of this study and
the criteria. Of the remaining 156 patients, we divided the
patients into above and below median FGF23 levels (39.1
pg/ml), as shown in Table 1 (above or below median groups).
Between these two groups, higher prevalence of New York
Heart Association (INYHA) class ITI-1V at admission (53% vs.
33%, P = 0.015) and HF hospitalization (60% vs. 23%, P <
0.0001) were frequently observed in the above median group.
We also observed a higher proportion of patients with cardio-
myopathy (62% vs. 28%, P < 0.0001) and atrial fibrillation
(40% vs. 22%, P = 0.015) and a lower systolic blood pressure
[104 (IQR: 93-118) vs. 116 (IQR: 107-126) mmHg, P <
0.0001] in the above median group. Loop diuretics were
frequently used in the above median group compared with the
below median group (62% vs. 22%, P < 0.0001). Aldosterone
antagonists were frequently used in the above median group
compared with the below median group (58% vs. 9%, P <
0.0001). eGFR was on the statistical border between the two
groups (P = 0.060). Blood levels of troponin T, TNF-«, IL-6,
and aldosterone were higher in the above median group than in
the below median group (Table 1). Echocardiography revealed
a lower degree of LVEF in the above median group [38 (IQR:
23-60)% vs. 63 (45-68)%, P < 0.0001). There were no
significant differences regarding the L'V end-diastolic volume
index, relative wall thickness, and left atrial volume index
between the groups. The subtype of cardiac disease is shown
in Table. 1. There was no patient with a history of kidney
transplant or kidney disease. TmP/GFR was measured in
104 patients, and we found no differences between the
above and below median FGF23 groups (Table 1). In the
analysis between serum FGF23 levels and physiological

variables, serum FGF23 levels were related to mean blood
pressure (r = —0.281, P = 0.003) but were not related to
heart rate (r = 0.090, P = 0.267) and body mass index (r =
—0.017, P = 0.830).

Serum FGF23 levels in NICD-induced HF patients. We
investigated serum FGF23 levels in patients with or without a
history of HF hospitalization (hospitalized or nonhospitalized
groups, respectively). Serum FGF23 levels were higher in the
hospitalized group compared with the nonhospitalized group
[34.7 (IQR: 29.6-42.4) vs. 46.8 (IQR: 38.8-62.7), P <
0.0001; Fig. 1A]. Figure 1B shows the relationship between
eGFR and FGF23 levels in the hospitalized and nonhospital-
ized groups. There were no differences in the relationship
between eGFR and serum FGF23 levels in the nonhospitalized
group (r = 0.129, P = 0.224). In contrast, as eGFR decreased,
serum FGF23 levels were elevated at a higher rate for the
hospitalized group than for the nonhospitalized group (r =
0.342, P = 0.005 in the hospitalized group, group difference,
P = 0.042). Table 2 shows the multivariate linear model of
serum FGEF23 levels in these groups. Serum FGF23 levels were
higher in the hospitalized group even after adjustments of age,
sex, eGFR, and the use of loop diuretics. TmP/GFR did not
differ between the hospitalized and nonhospitalized groups.

Predictor of serum FGF23 levels in NICD-induced HF
patients. Table 3 shows the relationships between serum
FGEF23 levels and other laboratory markers. eGFR, troponin T,
TNF-a, and plasma aldosterone concentration were related to
FGF23 levels in the univariate analysis. In the multivariate
analysis, plasma aldosterone concentration was the only factor
related to serum FGF23 levels (P = 0.003). Table 4 shows the
relationship of serum FGF23 levels with ventricular structural
and functional values as assessed by echocardiography. In the
multivariate analysis, LVEF was the only factor related to
serum FGF23 levels (P = 0.020). Table 5 shows the multivar-
iate analysis for the relationship of serum FGF23 levels with
history of HF hospitalization, plasma aldosterone concentra-
tion, LVEF, and use of diuretics after adjusting for age, sex,

Table 4. Univariate and multivariate analyses of FGF23 in echocardiography data

Univariate Analysis

Multivariate Analysis

Varijables Regression coefficient, pg/ml 95% confidence interval P value Regression coefficient, pg/ml 95% confidence interval P value
LVEDV index 0.083 0.030, 0.136 0.003 0.032 —0.054,0.118 0.462
LVEF —0.348 —0.500, —0.197 <0.0001 —0.251 —0.461, —0.040 0.020
Relative wall thickness —15.66 —33.82,2.496 0.090 11.35 —11.84,34.54 0.334

In the multivariate model, age, sex, and eGFR were adjusted.
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Table 5. Multivariate analysis of FGF23

Multivariate Analysis

Regression coefficient, 95% confidence

Variables pg/ml interval P value
History of HF
hospitalization -4.330 —8.250, ~0.411 0.031
Plasma aldosterone
concentration 0.236 0.041,0.431 0.018
LVEF —-0.141 -0.344, 0.063 0.174
Use of loop diuretics -3.042 ~0.629, 0.201 0.066

n = 156 patients total. In the multivariate model, age, sex, and eGFR were
adjusted.

and eGFR. The history of HF hospitalization (P = 0.031) and
plasma aldosterone concentration (P = 0.018) were indepen-
dently related to serum FGF23 levels in this model.

Relationships of systolic function with serum FGF23 levels
and other laboratory markers. To test the correlation of LVEF
with the laboratory data, including serum FGF23 levels, we
performed multivariate regression analyses. The results are
shown in Table 6. In the multivariate model, after adjusting for
age and sex, serum FGF23 levels were correlated with LVEF
(P = 0.001), whereas no relationships with LVEF were found
in eGFR, TNF-a, and plasma aldosterone concentration.

Relationship between serum FGF23 levels and the hemody-
namic state. Table 7 shows the central hemodynamic data
obtained through RHC in 127 patients. In the above median
FGF23 group, the cardiac index was significantly lower com-
pared with the below median group [2.4 (IQR: 1.9-2.7) vs. 2.7
(IQR: 2.4-3.1) I'min~*m™2, P = 0.001]. Table 8 shows the
relationship between serum FGF23 levels and hemodynamic
values as assessed by RHC. In the multivariate analysis, the
cardiac index was the only factor related to serum FGF23
levels (P = 0.018).

Predictive value of serum FGF23 levels for clinical out-
comes. During the 1-yr followup term, cardiovascular events
occurred in 15 patients (cardiac death: 1 patient, implantation
of a LV assist device: 2 patients, and rehospitalization for HF:
12 patients). Kaplan-Meier analysis showed that the frequency
of cardiovascular events were higher in the above median
FGF23 group than in the below median FGF23 group (P =
0.005; Fig. 2). Even after adjustments for age, sex, and eGFR,
the predictability of serum FGF23 levels for cardiovascular
events persisted (Table 9).

DISCUSSION

The present study showed that serum FGF23 levels were
elevated in NICD patients who had a HF hospitalization history
compared with patients without any HF hospitalization history.
Although it is known that the circulating FGF23 level is
influenced by other variables, such as renal function (28), we
prospectively measured serum FGF23 levels in patients with-
out advanced renal impairment and confirmed the pathophys-
iological importance of serum FGF23 levels in patients with
HF history even in the early stages of CKD. The multivariate
analysis in the present study revealed that HF hospitalization
history was the strongest predictor for the elevation of serum
FGF23 levels in NICD. The present study also revealed that
serum FGF23 levels are tightly related to plasma aldosterone
levels and that systolic dysfunction and low cardiac output are

CIRCULATING FGF23 LEVELS IN HEART FAILURE

tightly related to serum FGF23 levels. Taken together, we raise
the possibility that such pathogenesis and risk factors for the
development of HF are the determinants of serum FGF23
levels in NICD patients. In addition, among the neurchormonal
parameters measured in the present study, an elevated serum
FGF23 level was the only factor to predict a declining LVEF
level. Furthermore, even after adjustments for age, sex, and
eGFR, the serum FGF23 level was a strong predictor for future
cardiovascular events in the present study. Consistent with
previous studies reporting that circulating FGF23 levels can
affect cardiac structure and function, our findings suggest that
the progression of HF contributes to the elevation of circulating
FGF23 levels, which leads to further myocardial dysfunction,
potentially creating a vicious cycle.

Serum FGF23 levels in NICD-induced HF patients. There
has been less evidence of circulating FGF23 levels in HF
patients with preserved renal function. This study confirmed
that in NICD patients, even in the early stages of CKD, serum
FGF23 levels are elevated in those with a history of HF
hospitalization compared with those without HF hospitaliza-
tion history (Fig. 1). We also confirmed higher serum FGF23
levels in HF patients even accounting for age, sex, eGFR, and
the use of diuretics (Table 2). The determinants of serum
FGF23 levels have not been completely clarified in previous
studies of HF patients. Our findings suggest that NICD-in-
duced HF hospitalization itself is one of the strong determi-
nants of serum FGF23 levels even in a population with rela-
tively preserved renal function. Figure 158 shows that there was
a steeper negative slope between serum FGF23 levels and
eGFR in the hospitalized group compared with the nonhospi-
talized group, suggesting that serum FGF23 levels are elevated
in HF patients even in the early stages of CKD. Although the
responsible factors for the elevation of serum FGF23 levels in
HF patients have been remained uncertain in previous studies,
we identified high plasma aldosterone concentration (Table 3),
low LVEF (Table 4), and low cardiac index (Table 8) as
predictors for the elevation of serum FGF23 levels even after
accounting for eGFR. Whether low cardiac output itself inde-
pendently contributes to the elevation of serum FGF23 levels
from renal function still remains controversial. Interestingly,
we also found that in the above median FGEF23 group, the
percentage of patients who took a loop diuretics was higher
than in the below median group (P < 0.0001; Table 1), and we
can raise the possibility that decreased renal perfusion by
diuretics affects serum FGF23 levels. Consisted with these
findings, a previous study (9) has suggested the relationship
between the use of diuretics and circulating FGF23 levels. As
a speculation, we also suggest that decreasing renal perfusion

Table 6. Multivariate linear model of LVEF in laboratory
data

Multivariate Analysis

Regression coefficient, 95% confidence

Varjables pg/ml interval P value
eGFR 0.116 —0.109, 0.341 0.308
TNF-o 0.664 —~1.308, 2.635 0.506
Plasma aldosterone

concentration —0.145 —0.359, 0.070 0.184
FGF23 —0.340 —-0.531, —0.150 0.001

In the multivariate model, age and sex were adjusted.

AJP-Heart Circ Physiol - doi:10.1152/ajpheart.00331.2014 « www.ajpheart.org



CIRCULATING FGF23 LEVELS IN HEART FAILURE

Table 7. Right heart catheterization data

H1509

Below Median Group Above Median Group P Value
Right atrial pressure, mmHg 4 (IQR: 2-5) 4 (IQR: 2-5) 0.553
Mean pulmonary artery pressure, mmHg 17 (JQR: 14-20) 18 (IQR: 13-25) 0.207
Pulmonary capillary wedge pressure, mmHg 10 (IQR: 7-12) 11 (IQR: 6-17) 0.345
Cardiac index, I-min~'-m™2 2.7 (IQR: 2.4-3.1) 2.4 (IQR: 1.9-2.7) 0.001

Values are medians with IQRs;

induced by a low cardiac output state is one of the key factors
affecting serum FGF23 levels. Although eGFR in the present
study was relatively preserved (median eGFR: 73 and 69
ml-min"'m~2 in below and above median FGF23 groups,
respectively), the findings of steeper correlation between serum
FGF23 levels and eGFR in the hospitalized group also support
the hypothesis. Our findings also suggest a positive relation-
ship between serum FGF23 levels and neurohormone activa-
tion or inflammatory markers, such as TNF-a. These findings
are consistent with those of previous study (1) with the respect
to the relationship between inflammatory markers and FGF23
levels in CKD patients, suggesting that inflammation is asso-
ciated with an elevation of circulating FGF23 levels in HF
patients. Our findings also demonstrate that there was no
longer a relationship between TNF-a and serum FGF23 levels
in multivariate analysis (Table 3), with a possible explanation
that there might be an interplay between several factors, such
as neurohormonal activation and inflammation, for elevating
serum FGF23 levels. Interestingly, a more recent study (17)
has raised the possibility of endogenous Klotho expression in
arteries. Inflammatory cytokines, such as TNF-a, downregu-
late Klotho expression in the kidney through NF-«B (19) or
suppress the expression of both Klotho and FGF receptor in an
in vitro study (17). It is worth considering the interplay among
neurohormonal activation, inflammatory cytokines, vascular
Klotho, and circulating FGF23 levels in patients with HF, and
further investigation will be necessary to solve it. Taken
together, our results could not explain the mechanism of
elevating serum FGF23 levels by a single factor. Indeed, in
multivariate analysis (Table 5), LVEF was not correlated with
serum FGF23 levels. In addition, we found that aldosterone
antagonists were frequently used in the above median group
compared with the below median group (58% vs. 9%, P <
0.001). This might also influence the higher plasma aldosterone
concentration in the above median group. We suggest that such
complex interaction or underlying conditions predisposing to
the development of HF contribute to the elevation of serum
FGF23 levels in NICD patients.

Between the hospitalized and nonhospitalized groups, the
differences of serum FGF23 levels were statistically signifi-

= 67 patients in the below median group and 60 patients in the above median group.

cant, but small. Because of such low circulating levels of
FGF23, it is worth to consider whether FGF23 is a “pure”
endocrine factor to play a role on cardiac remodeling. Inter-
estingly, some studies (5, 14) have suggested the presence of
circulating progenitor cells, which are capable of differentiat-
ing into osteoblasts. These findings facilitated us to the further
investigation to elucidate the relationship between circulating
progenitor cells and serum FGF23 levels. The relationships
between such a low level of circulating FGF23 and FGF23
signaling in cardiomyocytes or the endothelium and the inter-
action with vascular Klotho have also remained uncertain;
further investigation will be needed to determine their relation-
ships.

In addition, a clinical study (7) has suggested that circulating
FGF23 levels are associated with the degree of LV hypertrophy
in patients with CKD. In this study, we determined that serum
FGF23 levels were significantly correlated with LV systolic
function and cardiac output but were not related to the degree
of cardiac hypertrophy. Because the stages of CKD in our
patients were relatively early, these differences from previous
studies also raise the possibilities that CKD stages and serum
FGF23 levels are correlated with the cardiac phenotype. In
accordance with this finding, the phosphate reabsorption, as
indicated by TmP/GFR, did not differ between the above and
below median groups in the present study. This finding sug-
gests that serum FGF23 levels were relatively lower than
advanced CKD patients because of our focus on NICD patients
with early stages of CKD.

Limitations. We acknowledge that our study has some lim-
itations that merit noting. First, this study was a single-center
study, which poses a possible bias risk regarding HF severity
and etiologies. Second, although differences in the etiologies of
NICD were found between the below and above median
FGF23 groups, the present study included valvular disease
patients with milder HF symptoms, who hospitalized for an
elective catheter test. These variances influence the differences
of HF etiologies between the below and above median FGF23
groups. Age differences were observed between the above and
below median FGF23 groups. Even after accounting for the
age differences in the multivariate models, we confirmed that

Table 8. Univariate and multivariate analyses of FGF23 in right heart catheterization data

Univariate Analysis

Multivariate Analysis

Regression coefficient,

95% confidence

Regression coefficient, 95% confidence

Variables g/ml interval P value pg/ml interval P value
Right atrial pressure 1.547 0.494, 2.601 0.004 0.612 —0.594, 1.820 0.317
Mean pulmonary artery pressure 0.503 0.120, 0.885 0.010 0.501 —0.095, 1.097 0.098
Pulmonary capillary wedge pressure 0.612 0.083, 1.142 0.024 -0.551 —1.450, 0.347 0.227
Cardiac index —6.697 —10.73, —2.669 0.001 —4.532 —-0.894, —-0.126 0.044

n = 127 patients total. In the multivariate model, age, sex, and eGFR were adjusted.
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Fig. 2. Kaplan-Meier analysis for cardiovascular events in the below and above
median FGF23 groups. Red and blue lines show the below and above median
FGF23 groups, respectively. Kaplan-Meier analysis showed that the frequency
of cardiovascular events was higher in the above median FGF23 group than in
the below median FGF23 group (£ = 0.005).

serum FGEF23 levels were higher in patients with HF hospital-
ization history. We also demonstrated the predictive value of
serum FGF23 levels for clinical outcome even after accounting
for age differences in the multivariate models. There were a
few patients with extreme outlier values, as shown in Fig. 1B.
No confounding factor for the elevation of serum FGF23
levels, such as a past history of bone metabolic disease, was
found in patients. However, after the exclusion of patients with
outlier values, a similar tendency was found (r = 0.411, P =
0.0008). Urine tests were not performed in all enrolled patients,
because the results of urine tests were taken from a part of
clinical routine tests. Nevertheless, the subanalysis for TmP/
GFR might provide us some information regarding relative
levels of serum FGF23 levels.

Conclusions. Serum FGF23 levels were elevated in NICD
patients with a history of HF hospitalization even though their
renal function was relatively preserved. We demonstrated that
the underlying substrates of HF, such as cardiac dysfunction
and neurohormonal activation, are associated with an elevation
of serum FGF23 levels in our patients and suggest that the
progression of HF itself contributes to the elevation of circu-
lating FGF23 levels even in early CKD, which leads to further
myocardial dysfunction, potentially creating a vicious cycle.
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ABSTRACT

Background and purpose: Hyponatremia is common and is associated with poor in-hospital outcomes in
patients hospitalized with heart failure (HF). However, it is unknown whether hyponatremia is associated
with long-term adverse outcomes. The purpose of this study was to clarify the characteristics, clinical
status on admission, and management during hospitalization according to the serum sodium concen-
tration on admission, and determine whether hyponatremia was associated with in-hospital as well as
long-term outcomes in 1677 patients hospitalized with worsening HF on index hospitalization registered
in the database of the Japanese Cardiac Registry of Heart Failure in Cardiology (JCARE-CARD).
Methods and subjects: We studied the characteristics and in-hospital treatment in 1659 patients hospital-
ized with worsening HF by using the JCARE-CARD database. Patients were divided into 2 groups according
to serum sodium concentration on admission <135 mEq/mL (n=176; 10.6%) or =135 mEq/mL (n=1483;
89.4%).
Results: The mean age was 70.7 years and 59.2% were male. Etiology was ischemic in 33.9% and mean
left ventricular ejection fraction was 42.4%. After adjustment for covariates, hyponatremia was inde-
pendently associated with in-hospital death [adjusted odds ratio (OR) 2.453, 95% confidence interval
(CI) 1.265-4.755, p=0.008]. It was significantly associated also with adverse long-term (mean 2.1 +0.8
years) outcomes including all-cause death (OR 1.952, 95% CI 1.433-2.657), cardiac death (OR 2.053, 95%
C11.413-2.983), and rehospitalization due to worsening HF (OR 1.488, 95% CI 1.134-1.953).
Conclusions: Hyponatremia was independently associated with not only in-hospital but also long-term
adverse outcomes in patients hospitalized with worsening HF.

© 2013 Japanese College of Cardiology. Published by Elsevier Ltd. All rights reserved.

Introduction

up of 3 years [3]. This study analyzed only all-cause death and
could notinclude cardiac death or hospitalization due to worsening

Hyponatremia, usually defined as a serum sodium concentra-
tion <135mEq/L, has been observed in ~20% and consistently an
independent risk for all-cause mortality as well as longer length
of stay in hospitalized patients with worsening heart failure (HF)
[1-4]. However, most of these studies have been focused on short-
term outcome with up to 90 days of follow-up. Arecent study using
a large individual patient data meta-analysis demonstrated that
hyponatremiais adeterminant of all-cause death during the follow-

* Corresponding author. Tel.: +81 11 706 6970; fax: +81 11 706 7874.
E-mail addresses: hisutsui@med.hokudai.ac.jp,
cvsecret@med.hokudai.ac.jp (H. Tsutsui).
! For the JCARE-CARD Investigators.

HF for an inherent limitation of meta-analysis using the incorpo-
rated data from both randomized trials and observational studies
[3]. Therefore, little information has been available regarding the
relationship between serum sodium concentration and adverse
outcomes including cardiac death and hospitalization due to
worsening HF. Moreover, most of these previous studies were
performed mainly in the USA and Europe. Therefore, the impact
of hyponatremia on outcomes has not been assessed in a broad
cohort of HF patients encountered in routine clinical practice in
Japan.

The Japanese Cardiac Registry of Heart Failure in Cardiology
(JCARE-CARD) studied the characteristics, management, and the
outcomes including death and rehospitalization in a broad sam-'
ple of patients hospitalized with worsening HF in Japan [5-13]. The

0914-5087/$ - see front matter © 2013 Japanese College of Cardiology. Published by Elsevier Ltd. All rights reserved.
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JCARE-CARD prospectively enrolled patients admitted with wors-
ening HF in a web-based registry at 164 participating hospitals.

The objectives of this study were to clarify the characteristics
of patients, clinical status on admission, and management during
hospitalization according to the serum sodium concentration on
admission, and determine whether hyponatremnia was associated
with in-hospital as well as long-term outcomes in 1677 patients
hospitalized with worsening HF on index hospitalization registered
in the JCARE-CARD database [ 14,15].

Materials and methods

The details of the JCARE-CARD have been described previously
[5,8-10,14,15]. Briefly, it registered the patients hospitalized due
to worsening HF as the primary cause of admission. The study hos-~
pitals were encouraged to register the patients as consecutively
as possible. For each patient, baseline data included (1) demogra-
phy; (2) causes of HF; (3) precipitating causes; (4) comorbidities;
(5) complications; (6) clinical status; (7) electrocardiographic and
echocardiographic findings; (8) laboratory data; and (9) treatments
including discharge medications. The data were entered using a
web-based electronic data capture (EDC) system licensed by the
JCARE-CARD (www.jcare-card.jp).

Using the database of 1677 patients registered in JCARE-CARD
[14,15], the present study analyzed the data of (1) patient demo-
graphics, clinical characteristics, vital signs, and laboratory data on
admission [age, sex, cause of HF, medical history, prior hospitaliza-
tion due to HF, New York Heart Association (NYHA) functional class,
symptoms and signs, vital signs, laboratory data including serum
sodium concentration, and echocardiographic parameters], (2)
medication use before admission [angiotensin-converting enzyme
(ACE) inhibitor, angiotensin II receptor blocker (ARB), Bblocker,
diuretics, digitalis, Ca channel blocker, nitrate, antiarrhythmics,
aspirin, warfarin, and statin], (3) in-hospital management (diuret-
ics, inotropic agents, vasodilator agents, and non-pharmacological
procedures), (4) clinical status during index hospitalization [admis-
sion from emergency room, stay at coronary care unit (CCU), length
of CCU stay, length of stay, and in-hospital death], and (5) long-term
outcomes (all-cause death, cardiac death, and rehospitalization due
to HF). Eighteen (1.1%) patients were excluded with missing data
of serum sodium concentration on admission, resulting in 1659
patients included in this analysis. Hyponatremia was defined as
a serum sodium concentration on admission <135 mEq/L.

Statistical analysis

Patient characteristics and treatments were compared using
Pearson chi-square test for categorical variables, Student's t-test
for normally distributed continuous variables, and Mann-Whitney
U test for continuous variables not normally distributed. Mul-
tivariable logistic regression was performed to determine the
odds of in-hospital mortality. The covariates including medical
history [hypertension, diabetes mellitus, ventricular tachycar-
dia/ventricular fibrillation (VT/VF)], NYHA functional class on
admission, medication use before hospitalization (ACE inhibitor,
diuretics, aldosterone antagonist, and warfarin), laboratory data
on admission [estimated glomerular filtration rate (eGFR),
hemoglobin, and plasma B-type natriuretic peptide (BNP)] were
used in developing the multivariable logistic regression model. The
relationship between serum sodium concentration and long-term
outcomes was evaluated among patients with the post-discharge
Cox proportional hazard models. Relative risk was calculated after
adjustmentwith covariables including age, ischemic etiology, med-
ical history (hypertension, diabetes mellitus, sustained VT/VF, and
prior stroke), NYHA functional class on admission, medication use

on admission (ACE-inhibitor or ARB, [blocker, diuretics, aldos-
terone antagonist, and warfarin), and laboratory data on admission
(eGFR, hemoglobin, and plasma BNP). SPSS version 16.0 ] for Win-
dows (Chicago, IL, USA) was used for all statistical analyses.

Results
Patient characteristics

The distribution of serum sodium concentration on admis-
sion in the total cohort of study patients is shown in Fig. 1.
The mean and median serum sodium concentrations on admis-
sionwere 139.6 + 4.5 mEq/L and 140.0 mEq/L, respectively, ranging
from 114.0 to 156.0mEq/L. Out of 1659 patients, 176 patients
(10.6%) had hyponatremia, defined as serum sodium concentration
on admission <135 mEq/L.

Clinical characteristics for the total cohort of patients and those
classified into 2 groups according to the presence or absence of
hyponatremia are shown in Table 1. The mean age was 70.7 + 13.5
years and 59.3% were men. The causes of HF were ischemic heart
disease in 33.9%, valvular heart disease in 28.1%, hypertensive heart
disease in 26.4%, and dilated cardiomyopathy in 16.9%. As expected,
mean serum sodium concentration was 130.4 mEq/L in patients
with hyponatremia and 140.7 mEq/L without it.

The mean age and causes of HF were comparable between 2
groups. Patients with hyponatremia more frequently had diabetes
mellitus, prior stroke, sustained VT/VF, and prior hospitaliza-
tion due to HF, but less hypertension. They had worse NYHA
functional class and lower blood pressure on admission. eGFR
and hemoglobin concentration were significantly lower in these
patients and plasma BNP levels were significantly higher. Echocar-
diographic parameters including left ventricular ejection fraction
(LVEF) were comparable between groups.

Medication use before hospitalization was compared between
groups of patients (Table 2). The use of ACE inhibitor, ARB, and
Bblocker was comparable between groups. The use of loop diuret-
ics, aldosterone antagonist, antiarrhythmics, and warfarin was
significantly higher in patients with hyponatremia.

In-hospital management

The use of thiazide and spironolactone was significantly higher
in patients with hyponatremia. Patients with hyponatremia were
more often treated with catecholamines, PDE IIl inhibitor, and
carperitide. Mechanical ventilation, PCl, and hemodialysis were
also more frequently used in them (Table 3).
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Fig. 1. Distribution of serum sodium concentration on admission in patients hospi-
talized with worsening heart failure.
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Table 1
Patient characteristics according to the presence or absence of hyponatremia.
Characteristics Total Hyponatremia No hyponatremia p-Value
n=1659 n=176 n=1483
Na, mEg/L 139.7 4.5 1304:+4.4 140.7 £2.9 <0.001
Age, yrs (mean == SD) 707 £13.5 69.24+14.9 709+13.4 0.200
Male, % 59.3 62.0 58.9 0.441
Causes of heart failure, %
Ischemic 339 373 335 0.327
Valvular 28.1 241 . 285 0.229
Hypertensive 264 253 265 0.737
Dilated cardiomyopathy 16.9 12.7 174 0.122
Medical history, %
Hypertension 52.1 433 53.2 0.017
Diabetes mellitus 30.0 40.0 28.8 0.003
Dyslipidemia 25.9 22.8 26.2 0.350
Hyperuricemia 49.1 503 49.0 0.745
Prior stroke 16.4 21.8 15.8 0.047
COPD 5.9 3.0 6.2 0.098
Smoking 375 335 38.0 0.270
Prior myocardial infarction 28.2 317 278 0.297
Atrial fibrillation 34.9 339 35.0 0.780
Sustained VT/VF 6.8 15.7 5.8 <0.001
Prior hospitalization, % 49.8 62.4 48.4 0.001
NYHA functional class, %
1 0.9 0.0 1.0 0.033
2 10.5 6.6 1.0
3 45.8 41.6 46.3
4 427 51.8 41.7
Symptoms, %
Dyspnea on effort 85.8 81.2 86.4 0.031
Dyspnea at rest 68.9 70.3 68.8 0.671
Fatigue 58.2 585 58.1 0.848
Signs, %
Jugular venous distension 336 29.7 341 0.456
I sound 243 21.0 247 0.563
Rale 51.5 438.3 519 0.424
Edema 53.2 51.1 53.5 0.448
Lung congestion 79.4 81.1 79.2 0.707
Pleural effusion 56.5 52.6 57.0 0.266
Hemodynamics
Heart rate, bpm 87.94:244 84.7+£22.1 8824246 0.165
SBP, mmHg 13434303 123.0£29.5 135.6+30.1 <0.001
DBP, mmHg 7544182 68.6+17.8 76.2+18.1 <0.001
Laboratory data
eGFR, mL/min/1.73 m? 52.5424.6 47.7+289 53.1+24.0 <0.001
Hemoglobin, g/dL 124445 11.5+2.3 12.54+4.7 <0.001
Plasma BNP, pg/mL 880932 1078 £1035 856916 0.013
Echocardiographic parameters
LV EDD, mm 55.84:10.6 5484102 55.9+£10.6 0.174
LV ESD, mm 4404125 433+134 440+124 0.549
LVEF, % 42.4+17.9 42.0+£194 4254177 0.532

COPD, chronic obstructive pulmonary disease; VT/VF, ventricular tachycardia/fibrillation; NYHA, New York Heart Association; SBP, systolic blood pressure; DBP, diastolic
blood pressure; eGFR, estimated glomerular filtration rate; BNP, B-type natriuretic peptide; LV, left ventricular; EDD, end-diastolic diameter; ESD, end-systolic diameter; EF,
ejection fraction. Data are shown as percent or means = SD.

Table 2
Medication use before hospitalization according to the presence or absence of hyponatremia.
Total Hyponatremia No hyponatremia p-Value
n=1659 n=176 n=1483
ACE inhibitor, % 26.5 324 258 0.062
ARB, % 287 25.6 29.1 0.333
ACE inhibitor or ARB, % 51.0 51.1 51.0 0.968
Bblocker, % 22.1 239 21.9 0.556
Diuretics, % 61.5 67.6 60.8 0.077
Loop diuretics, % 54.3 61.4 53.5 0.047
Aldosterone antagonist, % 241 36.9 22,6 <0.001
Digitalis, % 264 27.8 26.3 0.651
Ca channel blocker, % 244 21.6 24.7 0.367
Nitrates, % 223 233 22.2 0.743
Antiarrhythmics, % 13.9 20.5 13.1 0.007
Aspirin, % 343 358 341 0.661
Warfarin, % 275 375 263 0.002
Statin, % 16.2 17.0 161 0.752

ACE, angiotensin-converting enzyme; ARB, angiotensin Il receptor blocker.



