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involved in the accumulation of body fluid in the pleural 
space, but clinical data regarding pleural fluid electrolytes 
under HF pathophysiology are scarce. Vascular and pleural 
spaces are dynamic interfaces for body fluid distribution. 
Thus, the present study tested the hypothesis that there are 
differential Cl– concentrations between the pleural fluid 
and blood serum in patients with worsening HF.

Methods
Study Patients
The present study was a retrospective single-center obser-
vational study evaluating the nature of HF-related pleural 
effusion. Seventeen patients who presented with pleural 
effusion at the Cardiology Section of Nishida Hospital and 
underwent thoracentesis from May 2017 to December 2017 
were studied retrospectively.

Evaluation of HF Status and Thoracentesis
Diagnosis of worsening HF was established by standard 
clinical criteria of presentation, echocardiography, serum 
B-type natriuretic peptide (BNP), and response to HF 

I n heart failure (HF) pathophysiology, regulation of 
the body fluid volume is a complex process involving 
the interaction of a variety of afferent (sensory) and 

neurohumoral efferent (effector) mechanisms.1–3 Until 
recently, most studies focused on body fluid dynamics in 
HF as controlled by sodium (Na), potassium, and water 
balance in the body.4–7 However, a unifying hypothesis for 
HF pathophysiology based on serum biochemical solute(s) 
has not yet been fully developed.

Recent studies indicate that changes in vascular8–10 and 
red blood cell11 volumes are independently associated with 
serum chloride (Cl), but not serum Na, concentrations during 
worsening HF and its recovery. Consistent with the estab-
lished central role of Cl in the renin-angiotensin-aldosterone 
system,1–3 a unifying hypothesis for HF pathophysiology, 
namely the “chloride theory”, has been proposed, whereby 
changes in serum Cl concentrations are the primary deter-
minants of changes in plasma volume, and presumably the 
distribution of fluid in each body compartment12 (i.e., intra-
cellular, intravascular, and interstitial compartments13,14).

Transudative pleural and pericardial effusions are not 
uncommon in patients with worsening HF.15,16 Cl– may be 
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Background:  There is scant clinical data of electrolyte analyses in the pleural fluid under heart failure (HF) pathophysiology.

Methods and Results:  This study retrospectively analyzed data from 17 consecutive patients who presented with pleural effusion 
and underwent thoracentesis. A diagnosis of worsening HF was established by clinical criteria (presentation, echocardiography, 
serum B-type natriuretic peptide, and response to therapy). Samples of non-heparinized pleural fluid and peripheral venous blood, 
obtained within 2 h of each other, were subjected to biochemical analysis. The source of pleural effusion was determined as transudate 
or exudate according to Light’s criteria. Fifteen patients (53% men; mean [±SD] age 85±11 years) had HF-associated pleural effusion, 
10 of whom had transudative effusion and 5 who had exudative effusion (fulfilling only 1 [n=4] or both [n=1] lactate dehydrogenase 
criteria). The effusion-serum gradient (calculated by subtracting the serum electrolyte concentration from the effusion electrolyte 
concentration) was significantly higher for chloride (mean [±SD] 7.4±2.6 mEq/L; range 4–14 mEq/L) than sodium (0.9±1.4 mEq/L; 
ranging from −1 to 4 mEq/L) and potassium (−0.1±0.3 mEq/L; ranging from −0.8 to 0.2 mEq/L; P<0.001 for each).

Conclusions:  In HF-associated pleural effusion, the chloride concentration is higher in the pleural effusion than the serum, indicating 
that chloride may have an important role in the formation and retention of body fluid in the pleural space.
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criteria using appropriate combinations of laboratory tests 
on blood and pleural fluid samples,20–26 as well as chest 
X-ray computed tomography (CT) to search for inflamma-
tory and tumorous lesions.

Under thoracic sonographic guidance,18 diagnostic 
thoracentesis using a standard intramuscular 21-gauge 
needle was performed in seated patients. After injection of 
a local anesthetic, a sample of approximately 20 mL pleural 
fluid was obtained.

Laboratory Tests of Peripheral Blood and Pleural Fluid
Biochemical measurements were performed on samples of 
non-heparinized pleural fluid and peripheral venous blood 
obtained within 2 h of each other. Both samples were 
immediately centrifuged at 3,500 r.p.m. for 5 min at 20°C. 
Total protein, albumin, lactate dehydrogenase (LDH), and 
electrolyte concentrations in the supernatant were tested 
within 48 h using an automatic analyzer (Hitachi 7180 type; 
Hitachi, Tokyo, Japan); total protein and albumin were 
measured using the Biuret method, LDH was measured 
using an enzyme method, and electrolytes were measured 
using ion-selective electrodes. Other main laboratory tests 
included measurements of adenosine deaminase activity 
(normal range 10–30 U/L) using an enzyme method21 
(Serotec, Sapporo, Japan) and real-time polymerase chain 
reaction (PCR) detection of Mycobacterium tuberculosis 
(Roche Diagnostics, Basel, Switzerland) in the pleural fluid, 
as well as determination of serum BNP concentrations 
(normal range <6 pg/mL) using a chemiluminescent immu-
noassay (Abbott JAPAN, Tokyo, Japan). In this study, the 
upper normal limit of serum LDH was 245 IU.

The source of the pleural effusions (i.e., transudate or 
exudate) was determined using either the traditional 
Light’s criteria20 or other proposed criteria for the serum-
effusion albumin gradient.22,25 Pleural effusion was classified 
as transudative by Light’s criteria20 when none of the 
following criteria was met: pleural to serum protein ratio 
>0.5, pleural fluid LDH >200 IU, and pleural fluid-to-serum 
LDH ratio >0.6. Pleural effusion was classified as transu-
dative by the serum-effusion albumin gradient22 if this value 
was >1.2 g/dL.

The effusion-serum electrolyte gradient was calculated 
by subtracting the serum electrolyte concentration from 
the pleural fluid electrolyte concentration.

Statistical Analysis
All statistical analyses were performed using GraphPad 
Prism 4 (GraphPad, San Diego, CA, USA). Continuous 
data are expressed as the mean ± SD, whereas categorical 
data are expressed as percentages. The significance of 
differences in intragroup continuous data was analyzed 
using paired Student’s t-tests. The significance of differences 
between groups was analyzed using 2-way analysis of vari-
ance (ANOVA) with Tukey’s post hoc test. In all cases, 
2-tailed P<0.05 was considered significant.

Ethical Considerations
The Research Ethics Committee of Nishida Hospital 
(Chairman: Dr K. Okamura) approved the study protocol 
(Reference no. 201803-03). Given that the study was a 
retrospective study, the requirement for written informed 
consent was waived, but an opt-out method was always 
taken into consideration during the study period. The present 
study was performed in accordance with the Declaration 
of Helsinki.

therapy.17 Additional routine tests included thoracic ultra-
sound to evaluate the presence of pleural effusion18 and 
monitoring changes in body weight during follow-up 
(HBF-352-W; Omron Healthcare, Kyoto, Japan).17,19 
Worsening HF was treated by conventional therapy with 
a combination of loop diuretics, aldosterone blockade, 
thiazide diuretics, an oral vasopressin antagonist, acetazol-
amide, and/or inotropic drugs administered via oral and/
or intravenous routes in the hospital or outpatient clinic. 
The response of worsening HF to treatment and the return 
of the clinical presentation to stable HF status were deter-
mined on the basis of follow-up examinations.

Etiologies of pleural effusion other than worsening HF 
were determined according to well-established clinical 

Table 1.  Clinical Characteristics of the Study Patients (n=15)

Age (years)

    Mean±SD 85±11

    Range 62–99

Male sex 8 (53)

Primary cause of HF

    Ischemic or dilated cardiomyopathy 5 (33)

    Valvular disease 4 (26)

    Hypertension 3 (20)

    Hypertrophic cardiomyopathy 1 (7)　　
    Arrhythmia 1 (7)　　
    Congenital heart disease 1 (7)　　
LVEF (%) 51.4±17.8

LVEF >50% 8 (53)

Atrial fibrillation 10 (67)　　
Serum creatinine (mg/dL)

    Mean±SD 1.27±0.55

    Range 0.41–2.32

Serum albumin (g/dL)

    Mean±SD 3.41±0.54

    Range 2.4–4.7

Cardiovascular medication at baseline

    Data not available 5 (33)

    Using cardiovascular medication 10 (67)　　
        Loop diuretics 8 (53)

        Thiazide diuretics 1 (7)　　
        MRA 7 (47)

        ACEI/ARB 3 (20)

        β-blockers 3 (20)

        Calcium antagonists 3 (20)

        Vasopressin antagonist 4 (26)

HF-related physical findings

    Bilateral leg edema around or above the ankle 15 (100)

    Bilateral pulmonary rales beyond the basal lung 9 (60)

B-type natriuretic peptide (pg/mL)

    ≥500 10 (67)　　
    300–500 2 (13)

    200–300 2 (13)

    100–200 1 (7)　　
Moderate elevation (≥5 mg/dL) of CRP 3 (20)

Unless specified otherwise, data presented as n (%). ACEI, 
angiotensin-converting enzyme inhibitor; ARB, angiotensin II 
receptor blocker; CRP, C-reactive protein; HF, heart failure; 
LVEF, left ventricular ejection fraction; MRA, mineralocorticoid 
receptor antagonist.
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and ≥1 of the following: definitely higher (≥500 pg/mL) 
serum BNP concentrations at initial presentation of wors-
ening HF (n=10), and resolution of lower leg edema (n=4), 
ultrasound pleural effusion (n=4), and/or weight reduction 
≥1.4 kg (n=4) after diuretic therapy in patients with moder-
ately to mildly elevated (100–500 pg/mL) serum BNP con-
centrations (n=5). Thoracic X-ray CT (n=10) revealed no 
inflammation or malignancy. Worsening HF after decon-
gestion therapy was resolved in 11 HF patients, but 2 HF 
patients died from advanced HF (Patients 8 and 9), and 
another 2 patients were transferred to other hospitals after 
completion of the initial evaluation (Patients 1 and 12).

The results of biochemical measurements of blood serum 
and pleural fluid samples to characterize the pleural effusion 
are given in Table 3. According to the Light criteria, 10 of 
15 patients with HF-related pleural effusion were classified 
as having transudative effusion, and the remaining 5 were 

Results
Of the 17 study patients, 2 were excluded from the present 
analysis because the etiology of pleural effusion was not 
due to HF, but to M. tuberculosis infection in 1 patient (left 
ventricular ejection fraction [LVEF] 72%, serum BNP 
32 pg/mL) and severe nutritional hypoalbuminemia in the 
other patient (LVEF 65%, serum BNP 67 pg/mL). The 
remaining 15 patients (53% men; mean age 85±11 years) 
were determined to have HF-related pleural effusion and 
were included in the present analysis (Table 1). The primary 
causes of worsening HF varied, and atrial fibrillation was 
observed in 10 patients. Serum BNP concentrations were 
definitely elevated (≥500 pg/mL) in 10 patients and moder-
ately to mildly elevated (100–500 pg/mL) in 5.

As indicated in Table 2, worsening HF was determined on 
the basis of leg edema at initial presentation in all 15 patients 

Patient 
no.

After decongestion therapy
X-ray CT Clinical course

Rales Leg edema ΔBW (kg) BNP (pg/mL) US-PLE

  1 NA NA NA NA NA NA Transfer

  2 No No −1.4 294 Absent No Improved

  3 No No −3.9 146 Absent No Improved

  4 No No −1.4 387 Reduced NA Improved

  5 No No −9.3 224 Absent No Improved

  6 Yes No −5.6 383 Absent No Improved

  7 No No NA   56 Reduced No Improved

  8 NA NA NA NA NA No Died

  9 NA NA NA 1,553 NA No Died

10 No No −4.8 123 Absent No Improved

11 No No −2.3   78 Reduced No Improved

12 NA NA NA NA NA NA Transfer

13 No No −4.2   97 Absent NA Improved

14 No No −6 179 Absent NA Improved

15 Yes No −5.7   92 Absent No Improved

Systolic heart failure (HF) included ischemic and dilated cardiomyopathy. Af, atrial fibrillation; AR, aortic regurgitation; AS, aortic stenosis; 
BNP, B-type natriuretic peptide; BW, body weight; CHD, congenital heart disease; CT, computed tomography; ECG, electrocardiography; EF, 
ejection fraction; F, female; HCM, hypertrophic cardiomyopathy; HHD, hypertensive heart disease; M, male; MS, mitral stenosis; NA, not 
available; SR, sinus rhythm; US-PLE, ultrasound pleural effusion.

Table 2.  Clinical Picture at Admission and After Decongestive Therapy in Patients With HF-Associated Pleural Effusion

Patient 
no.

Age (years)/
sex

Primary diagnosis  
of HF ECG EF (%)

Before decongestion therapy

Rales Leg edema BW (kg) BNP (pg/mL)

  1 91/F Systolic HF Af 24 Yes Yes NA 598

  2 91/F Systolic HF Af 47 Yes Yes 33.6 897

  3 85/F Systolic HF Af 49 No Yes 69.3 771

  4 86/F AR SR 53 No Yes 36 589

  5 91/M HHD SR 80 Yes Yes 58.4 471

  6 91/M HHD SR 64 Yes Yes 57.9 806

  7 83/M Arrhythmia Af 60 Yes Yes NA 576

  8 92/M HCM Af 48 No Yes NA 958

  9 99/F AS Af 40 Yes Yes 38.2 2,864　　　
10 62/M CHD SR 57 No Yes 46.2 631

11 69/F MS Af 54 No Yes 33.3 132

12 93/M HHD SR 81 Yes Yes 76.9 211

13 85/F AS Af 60 No Yes 39.5 237

14 86/M Systolic HF Af 39 Yes Yes 43.6 460

15 65/M Systolic HF Af 15 Yes Yes 50.2 596
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concentrations (140±4 vs. 139±5 mEq/L; P<0.027). There 
was no significant difference between pleural and serum 
potassium concentrations (4.2±0.6 vs. 4.3±0.6 mEq/L; 
P=0.09).

As shown in Figure, the effusion-serum gradient of elec-
trolytes, calculated by subtracting the concentration of 
serum electrolytes from that of pleural fluid electrolytes, 
was significantly higher for Cl (7.4±2.6 mEq/L; range 
4–14 mEq/L) than for Na (0.9±1.4 mEq/L; ranging from −1 
to 4 mEq/L) and potassium (−0.1±0.3 mEq/L; ranging 
from −0.8 to 0.2 mEq/L; P<0.001 for each).

classified as having exudative effusion, fulfilling only 1 
(n=4) or both (n=1) LDH criteria. Based on the ‘albumin 
criteria’, 14 of 15 patients (93%) were classified as having 
transudative pleural effusion. Of the 3 patients with 
moderately elevated C-reactive protein, only 1 was classified 
as having exudative effusion according to both Light’s and 
the albumin criteria. The results of M. tuberculosis PCR 
tests were negative in all study patients.

Comparing pleural with serum concentrations for each 
electrolyte (Table 4) indicated significantly higher pleural 
than serum Cl concentrations (111±5 vs. 104±6 mEq/L; 
P<0.0001) and slightly higher pleural than serum Na 

Table 3.  Biochemical Measurements of Blood Serum and Pleural Fluid Samples in Patients With HF-Associated Pleural Effusion

Patient 
no.

Total protein  
(g/dL)

Lactate dehydrogenase 
(U/L)

Albumin  
(g/dL)

Other peripheral blood  
measurements

Serum PlF
PlF/

serum 
ratio

Serum PlF
PlF/

serum 
ratio

Serum PlF Serum-PlF 
gradient

WBC  
(/μL)

CRP  
(mg/dL)

ADA 
(U/L)

TB 
DNA-PCR

  1 6.8 2.1 0.31 207   72 0.35 3.3 1.2 2.1 6,930 2.36 NA Negative

  2 5.2 2.2 0.42 161 182 　1.13A 2.4 1.2 　1.2B 9,310 18.3 NA Negative

  3 6.2 2.7 0.44 160   81 0.51 2.7 1.4 1.3 5,540 1.63 NA Negative

  4 6.8 2.6 0.38 245 159 　0.65A 3.7 1.6 2.1 4,170 0.1　　 NA Negative

  5 5.6 1.7 0.3 295   96 0.33 3.4 1.1 2.3 7,490 0.5　　 3.2 Negative

  6 5.7 2.5 0.44 245 166 　0.68A 3.6 1.8 1.8 8,820 0.03 8.6 Negative

  7 5.8 2.5 0.43 173   67 0.39 3.4 1.5 1.9 6,830 0.69 16 Negative

  8 6.7 2.9 0.43 322 　352A 　1.09A 3.6 1.7 1.9 3,420 2.93 10.5　　 Negative

  9 6.5 1.8 0.28 182 119 　0.65A 3.2 1.1 2.1 7,010 4.45 10.4　　 Negative

10 5.9 2.1 0.36 253   93 0.37 3.3 1.4 1.9 7,230 6.56 10.2　　 Negative

11 8 1.7 0.21 265   62 0.23 4.7 1.1 3.6 7,430 6.86 6.8 Negative

12 6.7 2.6 0.39 234 108 0.46 2.9 1.4 1.5 4,210 0.36 13 Negative

13 6.7 1 0.15 261 112 0.43 4 0.1 3.9 3,280 0.02 8.5 Negative

14 6.6 1 0.15 189   64 0.34 3.4 1.1 2.3 4,910 0.14 6 Negative

15 5.8 1.1 0.19 295   66 0.22 3.5 0.8 2.7 7,340 0.21 4.4 Negative

AFulfills Light’s criteria. BFulfills the serum-pleural fluid (PlF) albumin gradient. ADA, adenosine deaminase activity; PCR, polymerase chain 
reaction; TB, tuberculosis; WBC, white cell count. Other abbreviations as in Tables 1,2.

Table 4.  Pleural Effusion-Serum Electrolyte Gradient in Patients With HF-Associated Pleural Effusion

Chloride (mEq/L) Sodium (mEq/L) Potassium (mEq/L)

Serum PlF PlF-serum 
gradient Serum PlF PlF-serum 

gradient Serum PlF PlF-serum 
gradient

Patient no.

      1   97 106 9 131 133 2 5.4 5.2 −0.2

      2 102 116 14　　 143 145 2 3.4 3.3 −0.1

      3 105 111 6 138 138 0 5 4.7 −0.3

      4 106 113 7 144 145 1 4.1 4 −0.1

      5 103 110 7 137 138 1 3.9 3.8 −0.1

      6 114 118 4 139 141 2 4.2 4.3   0.1

      7   95 101 6 128 132 4 5.7 5.7 0

      8   96 101 5 135 135 0 4 4.1   0.1

      9 106 114 8 139 141 2 3.9 3.8 −0.1

    10 100 107 7 139 138 −1　　 4.5 3.7 −0.8

    11   97 108 11 137 137 0 4.3 3.9 −0.4

    12 111 115 4 144 144 0 4.2 4.1 −0.1

    13 106 113 7 143 143 0 3.6 3.8   0.2

    14 104 113 9 140 141 1 4.2 4.4   0.2

    15 110 117 7 146 145 −1　　 4.2 4 −0.2

Mean ± SD 104±5.7 111±5.3 7.4±2.6 139±4.9 140±4.3 0.9±1.4 4.3±0.6 4.2±0.6 −0.1±0.3

HF, heart failure; PlF, pleural fluid.
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contribution of the higher Cl concentration in HF-associ-
ated pleural effusion than serum to HF-related pathophysi-
ology in the present study?

The anatomic architecture differs between the pleural 
and interstitial spaces; the pleural space is nearly empty 
and is surrounded by the pleural mesothelium, whereas the 
interstitial space comprises a rich network of proteoglycans 
and collagen and/or elastic fibers.14,35–37 Regardless, the 
pathway of body fluid is similar between the pleural29–32 and 
interstitial14 spaces. Specifically, filtered plasma in both spaces 
reportedly drains primarily through the lymphatic pathway, 
ultimately into the blood stream. However, as indicated in 
Table 5, the Cl– concentrations are quite different between 
the interstitial and pleural spaces in the normal physiolog-
ical state, and change in pleural spaces during the transi-
tion from normal physiology to worsening HF.

Reports in the literature13,27,28 (Table 5) indicate that, 
under normal physiological conditions, Cl concentrations 
are high in the interstitial space compared with serum in the 
human due to the Donnan effect,14 or possibly because of 
a negatively charged network of glycosaminoglycans.14,35–37 
Conversely, several experimental studies reported that the 
Cl concentration in the pleural space is low due to active 

Discussion
Interpretation of Results
When considering the “chloride theory” for HF pathophys-
iology,12 it would be of considerable interest to know how 
Cl dynamics affect the formation of pleural effusion under 
HF pathophysiology. There have been few experimental 
and clinical analyses of pleural fluidal electrolytes under 
both physiologic and pathophysiologic states, including 
worsening HF. Experimental studies have revealed low 
pleural compared with serum Cl concentrations under 
normal physiological conditions (Table 5).27,28 The finding 
of higher Cl concentrations in HF-associated pleural fluid 
in the present study raises a new idea regarding pleural 
fluid dynamics under HF pathophysiology.

Mechanisms of Pleural Fluid Formation by the Classical 
Starling Equation
The physiology of pleural fluid formation and absorption 
remains controversial. The most accepted model of pleural 
exchange in the normal state involves formation primarily 
via filtration through the capillaries in the parietal pleura 
lining the chest wall and drainage of the pleural liquid via 
lymphatic stomata in the parietal pleura.29–32 Transitionally, 
the formation of pleural fluid has been explained physio-
logically by the classical Starling equation and the solute 
flux equation, which calculate the hydrostatic and colloidal 
osmotic pressures as the main determinants of filtration 
and absorption across the endothelium.31,33 Under patho-
physiologic conditions, the accumulation of transudative 
or exudative pleural fluid results from an imbalance between 
the fluid leaking into the pleural space and its removal. In 
the case of worsening HF, the production of transudative 
pleural effusion would result from increased leakage of 
fluid into the pulmonary interstitium and its accumulation 
in the pleural space, as well as increased venous pressure, 
which decreases lymphatic flow and therefore decreases 
pleural fluid absorption.22,34 However, the classical Starling 
and solute flux equations do not consider the electrolyte 
balance in the formation of the pleural fluid.

Contribution of Electrolytes to Pleural Fluid Formation
The present study revealed higher Cl concentrations in the 
HF-associated pleural effusion than in the serum. Although 
the severity of the hemodynamic imbalance would be the 
primary determinant of HF-associated pleural effusion,15,29–32 
special attention should be paid to changes in Cl concen-
trations in both the serum and pleural space to gain a better 
understanding of the production of HF-related pleural 
effusion under a given hemodynamic state. What is the 

Figure.    Effusion-serum electrolyte gradient in heart failure-
associated pleural effusion. The effusion-serum electrolyte 
gradient was selectively and significantly higher for chloride 
than for sodium and potassium concentrations. Symbols show 
values for individual patients, with the horizontal lines indicating 
mean values and whiskers indicating the standard deviation.

Table 5.  Electrolyte Concentrations in Pleural/Interstitial Fluids Compared With Blood Serum Under Normal 
Physiological Conditions and in Heart Failure

Pleural space Reference Interstitial space Reference

Normal physiology

    Sodium Lower Sahn et al,27 Lower Edelman et al13

    Chloride Lower Zocchi et al28 Higher

    Potassium Equivalent Lower

Heart failure

    Sodium Slightly higher Present study Unclear Not available

    Chloride Selectively and greatly higher

    Potassium Equivalent
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metabolic functions.30,43 In addition to these mesothelial 
cell functions,30,43 it is important to determine whether 
anionic Cl− truly and selectively penetrate the pleural-
associated capillary endothelial glycocalyx layer,44 diffuse 
into the pleural space, and hold pleural fluid as a result of 
their tonic effect under conditions of insufficient drainage 
via venous and/or lymphatic channels in association with 
the effects of HF status on the function of the endothelial 
glycocalyx layer.45,46 Other related mechanisms of trans-
capillary exchange of solutes47,48 in and around the pleural 
space should also be examined with regard to the formation 
of HF-related pleural effusion.

Study Limitations
Because this study was performed on a relatively small 
number of patients and was a single-center observational 
study, it should be considered a hypothesis-generating 
study. In addition, this study lacked control pleural effusion 
samples obtained from patients in a steady HF state (without 
acute decompensation) or recovering from worsening HF 
after diuretic therapy because performing thoracentesis 
under such HF status with little or near absent pleural 
effusion is extremely dangerous. It would also be helpful if 
information was available regarding electrolyte concentra-
tions in pleural fluid in healthy people, but, to the best of 
the author’s knowledge, there have been no such a human 
studies. Furthermore, additional studies are required to 
clarify whether the HF medication affected serum and 
pleural electrolyte concentrations, as well as the effusion-
serum Cl gradient (e.g., a diuretic effect on the proteins and 
other components of pleural fluid49,50). Finally, the data used 
in this study were derived from a selected patient population 
with acutely worsening HF. Therefore, other etiologies for 
changes in pleural electrolytes, particularly inflammation 
and malignancy, should be examined to determine the 
integrity of pleural function on the effusion-serum Cl 
gradient. In the present study, the effusion-serum Cl gradient 
was low (2 mEq/L) in 1 patient with inflammatory tuber-
culous pleuritis, suggesting impaired mesothelial integrity. 
In another patient with severe hypoalbuminemia (serum 
albumin 1.4 g/dL) due to malnutrition, the effusion-serum 
Cl gradient was high (6 mEq/L), suggesting preservation of 
mesothelial integrity. If there are differences in pleural Cl 
concentrations among different etiologies of pleural effu-
sion, determination of the effusion-serum gradient of Cl 
may contribute to the diagnosis, classification, and manage-
ment of the corresponding etiology of pleural effusion.

Conclusions
In acutely worsening HF patients, there is a higher effusion-
serum Cl gradient, indicating that Cl may have an important 
and active role in the formation and retention of body fluid 
in the pleural space, and possibly in the interstitial space. 
Future studies of the movement of Cl across each compart-
ment of the body fluid space13,14 are needed to explore the 
pathophysiologic mechanisms of body fluid redistribution 
into each body fluid space.
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transport of Cl– out of the pleural space.27 Therefore, under 
normal physiological conditions, it may be that different Cl 
concentrations between the interstitial and pleural spaces 
produce differential amounts of body fluid (i.e., wetter 
conditions in the interstitial space and lubricant conditions 
with less fluid in the pleural space). Under worsening HF, 
as shown in the present study, there is a high pleural Cl 
concentration compared with the low Cl concentration in 
the normal physiological state,27,28 suggesting that Cl has an 
active role in the formation of pleural fluid, in accordance 
with the “chloride theory”, which predicts that Cl is the 
key electrolyte for regulating the distribution of body fluid 
or water in each body compartment.12 In fact, experimental 
studies have demonstrated the contribution of Cl to the 
formation of cardiogenic alveolar edema38,39 or vascular 
endothelial glycocalyx swelling,40 which supports the regula-
tion of body water distribution by Cl−.

Of note, the results of the present study do not support 
the Donnan effect14 in the production of higher Cl concen-
trations in HF-related pleural effusions because Pearson’s 
correlation analysis indicated there was no significant cor-
relation between the effusion-serum gradient of Cl and the 
serum-effusion albumin gradient22 (r=0.019, n=15, P=0.63).

Differential Role of Na or Cl in Pleural Fluid Formation 
Under HF Pathophysiology
What is the contribution of Cl− to the regulation of water 
distribution12 in the human body? Solutes in the human 
body are classified as effective or ineffective osmoles on the 
basis of their ability to generate osmotic water movement, 
and osmotic water flux requires a solute concentration 
gradient.14 “Tonicity” is the effective osmolality across a 
barrier, and thus regulates body water distribution to each 
body space compartment.14 At the capillary interface, small 
Na+, Cl−, and K+ solutes are considered to be fundamentally 
ineffective osmoles that freely move across the interendo-
thelial spaces.14 However, in the human body the electro-
lytes have a distinctly different distribution (i.e., a relatively 
homogeneous distribution of Na and K, but an inhomoge-
neous distribution of Cl across the vascular space and 
interstitial or pleural spaces; Table 5). The fact that there 
are considerable differences in Cl− concentrations in each 
compartment of the extracellular body space under both 
normal and pathophysiologic conditions strongly suggests 
that Cl− has “tonicity” potential in each compartment of 
the body space, thus regulating the flow or distribution of 
water across each body space compartment. The exact 
mechanism(s) leading to the different Cl concentrations 
across human body compartments, including the pleural 
space, remains unclear, but may involve fluid dynamics 
through capillary vessels to the pleural space and the meso-
thelium covering the inner surface of the pleura.27–31

Recent Developments in Microvascular Fluid Exchange
According to the recently developed revised Starling 
equation and the glycocalyx model of transvascular fluid 
exchange, the endothelial glycocalyx layer is semipermeable 
with regard to anionic macromolecules such as albumin 
and other plasma proteins and generates an effective oncotic 
gradient within a very small space.41 However, this theory 
does not take into account the small Cl molecule in the 
mechanism of pleural fluid formation under worsening HF. 
The pleura is comprised of a layer of mesothelial cells and 
underlying connective tissue.42 These mesothelial cells are 
recognized as active cells, involved in many structural and 
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