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THE KINETIC DISPOSITION AND DIURETIC EFFECT OF FUROSEMIDE IN

PATIENTS WITH PULMONARY EDEMA ,

Abstract
Furosemide (20 - 80mg) was administered intravenously over 5
minutes to 16 patients with the diagnosis of acute pulmonatry edema
due to left h;arzr}ailure. Serum and.urine samples collected at
frequent intervals were assayed for unchanged and biotransformed
furosemide, sodium, potassium, calcium, magnesium and chloride by
specific téchniqﬁes. There was 4 giexponeﬁtial decay of serum
furosemide concentration ’over time with wide variation in both

"

alpha t (range 15 - 79 min) and beta t (range 127 - 1190 min).

1/2
The beta t

1/2

1/2 values were inversely related to urinary creatinine |
clearance values. Recovery of furosemide and its metabolites froﬁ
urine in 24 hr variéd between 30 and 977 of the adminlstered dose.
Excretion .of unchanged drug accounted for 23 - 73% of the dose.

The gldcuronide conjugate and 2-amino-4-chloro-5-sulfamoylanthranilic
acid accounted for 3 - 407 and 0.13 - 3.927% of the dose respectively.
Excretion of both metabolites were inversely related to creatinine

clearance. The glucuronide conjugate of furosemide was the major

metabolite found in these patients. Urine volume, renal clearance
” o N '

of furosemide .and renal clearance of sodium were greater in the alpha
-4

than in the beta phase of serum furosemide disposition.‘'For each

-1 -
&

&
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patient, a linear relationship was bbtained between urinary’excretion

rate of unchanged furosemide and the excretion rate of' sodium,

“

chloride, calcium or urine volume. The serum concentrations of
¢ /

furosemide did not have a consistent relationship with the diuretic
response., These results suggest that: '
i. Furosemide dispositign 1s altered in patients with pulmonary

N 4 i
edgma. This alteration is defined as a prolongatien in the alpha
and beta half-lives of furosemide, increase in metabolism and a
decrease in the excretion of unchanged drzé in u%ine.
2. Diuretic response to furosemide is assoclated with distribution

of the drug outside of the serum to a compartment which is in rapid

eguilibrium with serum. The response to.furosemide is determined by’

3

s

the concentration of drug in this peripheral kinetic compartment.
3. The excretion of furosemide into tubular urine is required to

obtain a diuretic effect in patients with pulmongry edema,

i
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"LA CINETIQUE DE DISTRIBUTION ET D'ELIMINATION DU FUROSEMIDE ET '

SON EFFET DIURETIQUE CHEZ LES PATIENTS SOUFEBANT\pVOEDEME PULMONAIRE
) Condense )

Le furosemide (20 ~ 80mg) a &té& administré par voie intra-
¥

velpeuse pendant 5 minutes & des patients dont le diagnostic

-

indiquait un oedéme pulmonaire aigu causé éar une faiblesse du

. , coeur gauche. Le furosemide intact et biotransformé a &té mesuré

par des techniques bien spécifiques dans des échantillons de sérum
‘ ! et d'urine prélevés & de fréquents intervalles; également ont B
/ . ‘ -

été mesurés, le sodium, le potassium, le calcium, le magnésium et

P e TNt . )

3 le chlorure. La diminution de la concentration du furosemide g

/

’

. plasmatique est bi-exponentielle et est éujet;e a de fortes
' 1 | ' ‘

. ., variations dans le s&rum tant dans sa phase alpha (t1/2’ valeurs %

9‘ de 15 3 79 mn) que béta (tl/Z’ valeurs de 127 3 }190 mn) . Les
valeurs de la tl/2 de la Phase‘béta sont inversemint proportionnelles
3 la clearanhce rénale de la créatinine. Sur une période de 24 heures
la récuperation du furosemide et de ses métabolifes dans 1'urine

varie de 30 3 97% de la dose administrée.' L'excrétion sous forme
[ l’ /

]
J“\\\\ intacte est de 23 a4 73Z. Le conjugud glucuronidé et 1'acide

~F‘¢/;> . 2~amino-4-chloro-5-sulfamoylanthranilique sont respectivement de )

’

33 407 et de 0,13 3 3.927 de la dose. L'excrétion des deux
métabolites est inversement proportionelles 3 la ciearance rénale

de la créatinine, Le conjugué glucuronidé du furosemide est le

g O _ - {11 -
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métabolite principal trouvé chez ces patients. Le volume . ‘

L

- urinaire, la clearance rénale du furosemide et du sodium, sont
beaucoup plus élevés‘dgns la'pha%g aléha que &ans la phase béta.
Pour chaque patient, ung'relation lin8aire a &té obténue entre
le taux d'excrétion urinaire du furosemide intact etlle taux
d'excrétion du sodium, du chlorure, du calcium et “du volume
urinaire, Les concentrations du furosemide dans le sérum ne sont
pas en rapport constant avec la réponse diyr&tique.

Ces résultats suggérent que? . ‘

1. La distribution du furosemide est modifiée chez les patients

ayant un oedéme pulmonaire., Cette modification est considérée

courme étant une prolongation dans la demie-vie des phases alﬂha‘

.

et béta du furosemide, par un accroissement dans le métabolisme et

une baisse dans 1'excrétion urinaire de la forme intacte. La’ éponse

-

diurétique au furosemide est associée a la distribution extraplasm-

atique du médicament dans un compattiment qui est en €quilibre rapide
\

\ :
avec le plasma. La réponse au furosemide est déterminée par la

#

v

concentration du médicament dans ce compartiment cinétique p&ripher-—

ique,
* ! N
3. L'excrétion du furosemide dans l'urine tubulaire est requise

3
pour obtenir un effet diurdtique chez les patients souffrant

d'oedéme pulmbnaire, '

1
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chloride and furosemide in three representative

patients with acute pulmonary edema (numbers
3 ,4 and7 ).

14 Relationship between urinary volume and furo- 74 °
semide excretion rate in three representative

patients with acute pulmonary edema (numbers ) v 3
3 ,4 and 7 ).
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The Pharmacokinetic Disposition of Furosemide
'_‘i.

\Furosemide (LasixR) is a potent diuretic commonly used in medical

A

practice. It is effective when administered by both oral and paren~

g

teral routes (Kelly et al 1974, 1977). The use of furosemide has , 1
been recommended for several disease states such as renal failure ¢
/ E]

(Muth, 1968, Allison et al 1971), congestive heart failure and ) %
v

pulmonary edema- (Conn 1978 , Krupp and Chatton 1978) and in the
treatment of ascites of hepatic cirrhosis (Fuller et al 1977).
Although it is widelyluseg in c¢linical practice, little is known

about its pharmacokinetic disposition in different disease states.

p The pharmacokinetics of furosemide have been studied by several

' investigators, but different methods for the determination of furo-

semide were used and there is still uncerfainty about its fate in man.
Calesnick et al (1966), using 358—furosemide, were the first to study

its pharmacokinetic dispositton dn normal subjects. They reported

, «

the alpha aﬁd beta half-lives of furosemide to be 7 and 70 minutes,

respectively. They were unable to find evidence for %é metabolism

in their study. The mean urlnary excretion was 807% of the administered 1

. A '

dose as'the unchanged drug. Cutler et-al (1974) studied the pharma-

cokinetic disposition of furosemide in normal subjects and in
functionally aneph}ic patients using unlabelled furosemide, and a
fluorometric method to determine furosemide concentrationms. The&
reported a mean beta half-1ife of 29.5 minutes in normal subjects and
80.7 minutes in anephric patients. A mean of 92% of the administered .

dose was reported to be excreted unchanged in urine of normal subjects.

-

-

Metabolites were net reported in this study. Kelly et al (1974) studied ,

-~

-1 -
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. the pharmacckinetic disposition of orally and intravenously administered
‘, . e
N furosemide in normal subjects using a spectrofluorometric method to
determine furosemide concentrations., They reported that their assay .

L3

was sensitive to 0.5 ug/ml changes in serum furvsemide concentrations. °

4
3
%
4
¢
£
%
g
-+
4

Due* to fluorescent and quenching substances in urine, the assay.was -

less precise for this fluid., Although they‘reported the sensitivity

.«

of their method ;s 0.5 ug/ml, in one of their figures (Fig. 5) one

can see determination of plasma concentrations between 0.5 ug/ml

¢ §nd 0.1 ug/ml. They reported that the 24 hour excrefioﬁ of 358-
furosemide after oral administration was 30 to 50% of the administered
dose. There was no mention of metabolites in their study. Huang et al
(l§74) stuéied the pharmacokinetic disposition of furosemide in patients

with advanced renal failure using the fluorometric method to determine:

< e

>

furcsemide concentrations. They reported a mean beta half-life of

9.7 hours in these patients and a prolongation to 20 hours in one
i " uremic patient with hepatic cirrhosis. They suggested that non-renal
elimination of furogemide could account fér 86 to 98% of the total dose

\ ‘

; in uremic patients‘without hepatic cirrhosis. Beermann et al (1975)

{

N . \
studied the pharmacokinetic dispositiion of furosemide in normal subjects

after oral and intravenous administration of 3§§—furosemid8. The

R
.

beta half-life of furosemide was found to vary from 47-53 minutes in

these subjects. After intravenous administration, urinary excretion

4

of unchanged furosemide varied from 82-84% of the dose and 6-9% was

v

recovered from feces. They found no evidence of the 2-amino-4-chloro-5-

-

VY WS e T 2t

sulfamoylanthranilic acid in this study. Treatment of these yrine

&

samples with B-glucuronidase, resulted in the detection of more

4
% %
A gg
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H
{ furosemide. The suggestion was made thaF this was due to the

conjugation Bf glucuroniq acid with the administered drug. Benet et al
(1976) studied the pharmacokinetic disposition of fur05gﬁide in patients
with congestive heart failuré after oral and intravenous administra-
tion, The plasma concentration of furosemide was measured by the [ \
fluorometric method. They\rerrted the beta hélf;life of furosemide

to be 76.7 + 30.6 minutes (mean + S.D.). Excretion of furosemide and

its metabolites were not studied. These workers concluded that the

.
1
—~

e o o N A SR B S T e e e R R NS AR~

T absorption of furosemide was incomplete in patients with congestive

heart failure, since the AUC in serum was less after an oral than an

3 ’

R TR

i.v, dose. Also, the diuretic response was greater when the drug was:

N administered intravenously. |

- P

Kelly et al (1977) studied the diuretic response to oral and

. \ intravenous furosemide in "diuretic-resistant' patients (patients with

varying degrees of hepatic or renal disease) using 35S—furosemide.

“They reported. that the beta half-liferof furosemide varied from 30-91 '

minutes., There was no report.of excretion or metabolism of furosemide.
' i

. A simllar diuretic action was observed after oral or intravenous

administration of furosemide to these patients. Beermann et al (1977)

[
.
v
2
:
}

studled the pharmacokinetic disposition in healthy subjects and in

patients with renal failure uding gas chromatography, high pressure

liquid chromatography and 355 for determination of furosemide. !
1/ -

They reported that the beta half-life of furosemide was 47.4 minutes

. "E\‘ ~in normal subjects and varied between 69 and 1475 mindtes in patients .

J

with renal failure. 35S—furosemide was administered i.v. to one !

"patient with renal failure. Only 24% of the radioactivity was found

in urine and only a small proportion, 4.1%, corresponded to unchanged

g

e e
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A3
(J' ) furosemide. They found 60.4% of the adminigtered dose in feces
collected for 6\days. The concentration of furosemide metabolites in
plasma exceeded that of furosemide 4 hours after the intravenous dose.
Branch et al (1977) studied determinants o% the response to
‘ : R furosemide in normal subjeéts. Using a flugrometric method for

¢
furosemide determinations, they reported its beta half-life t%rbe

50 minutes. They recovered 65% of the administered dose unchanged

3 - i

in' urine. Thin-layer chromatographic analysis of urine from these §

subjects after both intravenous or oral administration of furosemide ) T

!

| ' - - falled to reveal significant amounts of the 2-amino-4~chloro-5- ’ C

+ . sulfamoylanthranilic acid, reported previously as the main metabolite

PP

s
- g S
~
A

of this dfug. The urine concentration of furosemide was not found
to have a consistent relationship with the induced diuretic response.

A linear correlatiqn between furosemlde plasma concentration and the

-~ e

rate of sodium excretion was found.
&
Homeida et al (1977) studied the influence of probenecid and
spironolactone on furosemide kinetics and dynamics in normal subjects

using a fluorometric method to determine furosemide concentration.

‘ Probenecid pretreatment was found to reduce the renal clearance of

e e

“. . furoseigide by 78% and extrarenal clearance-by 56%. As a consequence,
the furosemide beta Qﬁ%f—life was increased by 54% (from 38.4 to 59.1
minutes). Probenecid significantly reduced the rate of sodium ,

egcretioh at all plasma concentrations of furosemide, but the proper-

b tion of furosemide unchanged in urine compared to sodium was not

y . changed markedly. They found no ;vfdence for a pharmacokinetic

t

(:} interaction between spironolactone and furosemide.

- -
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Andreaseh et al (1977) studied the distribution, elimination,and
1 i ! ‘{
, effects of furosemide in normal subjects and in patients with heart
} i
failure using a fluorometric method'to determine furosemide concentra-

tions. 'They reported an alpha half-life for furosemide of 9.5 minutes
in normal subjects and 18.9 minutes in patients with cardiac decom-

pensaﬁion receiving chronic furosemide therapy. The beta half-life

’ ®
of furosemide was 71.8 minutes in normal subjects and 134.1 minutes

in patients with heart failure receiving chronic furosemide tﬁerépy.

The mean excretion of unchanged fufosem#de for pgtients and nermal

subjects was similar (63% of° the administered dose recovered in the

24 hour collection). After treatment of urine samples with g-glucuronidase,
a glucuronide metabolite of furosemide in amounts up to 4%Dof the aaminis—

tered dose was observed in normal subjects and up to 12% in patieﬁts with

O
‘cardiac decompensation receiving chronic furosemide treatment. No visible

spot was observed on any thin-layer chromatography plate characteristic

of 2-amino-4~chloro-5-sulfamoylanthranilic acid. Andreasen et al” (1978)

studied the pharmacokinetic disposition of furosemide in anephrid‘;

o

patients and in normal subjects using a modified fluorometric method

and thin-layer chromatography. No alpha or beta half-life was reported ’
, ‘ ] g

for these patients. Very small amounts of the 2-amino-4-chloro->* * -
sulfamoylanthranilic aclid were found in serum of both normal subjécts
and anepﬁric patients. When they compared the new method with their

old method of determining furosemide and its metabolites, they found

a discrepancy in plasma clearance of up to,31%. Plasma clearance with ,

W

the ol& method was 167 ml/min and with thé -new method 219 ml/min.

This was associated with a reduction of almost 50% in the renal

'
~ L

\ o
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clearance of furosemide which was reported as 118 ml/gin by the o}d
method and 66 ml/min by the new method in normal subjects. Lawrence
‘ ég_gi (1978) compared the kinetics and dynamicérof piretamide and
furosemide in'ﬁormal subjects using the fluorometric method. They
‘ . reporéed the beta‘half—life of furosemide to be 36 minutes. No data
for the uri ary excretion of furosemide or its meéaﬁlism were given.

A linear correlation was found between the urinary exgretion rate of |

¢ ! ” ]
furosemide and the concomitant sodium or potassium excretion rate.

’

-

Furosemide Assay Methodology

.Analysis of the available literature on furosemide pharmacokinetics _

demonstrated that most of these studies performed in normal subjects

, ' fluorometric method &escribed by HYussler and Hadju (1964) and used by

'

|
H
¢
; E or patients have utilized methods which lack specificity. The spectro-
:
&
}
i

,
. K

| ; N most of the investigators mentioned above does not completely differ-
| ‘ Q
entiate furosemide ‘from its metabolites. .

. , The radibéctive labelling of Eurosemide is not itself spegific
if the label excreted is not supjecied to chrogatographic separation,
A summary of pharmacokinetic parametgrs published to the present time
g : 1s presented zn Appendix 2 (Tables XVIII - XXI). Date concerning

n investigations of the metabolismAgg furosemide have been conflicting.
. ' ’ S

'K\ Some authors have‘demonstra;ed metabolites of furosenide (Hdussler and

' g}cha 1965, Rupp et al 1973, Andreasen et al 1977 and 1978), while
others have been unable ‘to find them Calesnick et al 1966; Branch et al
» h «

1977). 1In the present study, a very specific and sensitive gas o

3

; : chromatographic method that can distinguish furosemide and its .

‘:} b metabolites was used.
“r

3 #
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to Left Ventricular Failure

.useful to determine if hemodynamic and physiological changes during

Furosemide Kinetic Disposition and Effect in Pulmonary Edema
It has been demonstrated that disease states can affect drug
pharmacokinetics (Bemet 1976). A study of the pharmacokinetic *
: h

A

disposition of furosemide in patients with pulmonary edema would be

pulmonary edema would affect the pharmacokinetics and pharmacodynamics

of this potent diuretic.

Physiological Changes Occurring During Acute Pulmonary Edema Due

Acute pulmonary edema of cardiogemic origin occurs in the presence

: \
of underlying heart disease and 1s precipitated by an event that causes

either an acute decrease in left ventricular output or a rapid increase

in venous rﬁggrn or right ventricular output. _The principal factors

4

causing acute pulmonary edema include coronary heart disease, myocardial

infarction, systemic arterial hypertension and aortic or mitral

i

valve disgease. 5

The effects of left ventricular failur; are manifested most
predominantly -in the lungs, although the\function of other organs
such as the kidney and brain may also be markedly impaired. As a
éonsequence of left ventricular failure, a progr;ssiﬁé pooling of blood

within the pulmonary.wasculature occurs and hydrostatic pressure in

the pulmonary veins increases, This pressure 1s transmitted to the

"capillaries which normally have a pressure of 6-9 mm Hg. With an

increase in hydrostatic pressure to 25-30 mm Hg, frank edema occurs.
The anatomical structure of the lungs makes them particularly vulnerable

to the development of edema since their honeycomb structure exerts

Sl
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no significant tissue resistance to the escape of flu;d. Formation
of edema produces the clinical manifestation of dyspnea,vprobably
because of inadequate oxygenation of blood in the functionally
impaired lungs. However, it could élso be due to hypoxemia of the
respiratory center and .carotid sinus. Cyanosis can be present because
of the inadequate oxygenation of blood. Hemodynamiciderangements
occurring with failure of the left ventricle may markedly affect
the kidneys. Reduétion in cardiac output decreases blood flow to
théxrénal arteries\as well as increasing renal venbdé congestion.
This ;esults in fengl hypoxia and redué%ion'of arterial pulse‘
pressure and glomerular filtration rate. Blood f¥Yow through the

. . ¢ .
'splanchnic circulation is markedly reduced to maintain flow and \
oxygenation of mofe important organs such as the heart and brain.
How these changes affect the distribution, elimination énd dynamic.
\

effect of furogemide is not presently known. |
' - \

Mechanism for the Renal Actioﬁ of Furosemide

R
.

Furosemide is an anthranilic acid diuretic which inhibits chloride
reabsorption in the ascending limb of the loop of Henle (Burg et al
1573). Until a few years ago, it had been assumed that the ion

being actively transported in the ascending 1imb of‘the loop of

Henle was godium and gﬁat chloride followed passi;ely as is the case
in other parts of the nephron. Direct ass;ssment of this area was
done by Burg and Green (1973) after develbping a method to isolate and
perfuse individual nephron segments. When the potential difference

across the epithelium of the ascending 1limb of theeioop of Henle was

determined, it was found that the luminal membrane was positive in

\
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relationship to the plasma membrane.’ This iﬁdicated an active anion
transport system. Anion replacement stddies showed that chloride

was the anion actively transported. Burg et al (1973) tested
furosemide in isolated }abbit segments of the ascending limb of‘the
loop of Henle. They observed that furosemide caused a prompt decrease
in the potential differepce when it was perfused tﬁfough the lumen,
and when they measured chloriée flux, a decrease in chloride transport
was moted. When furosemide was removed from fhe perfusion solution,
the potential difference and chloride tramsport returned to baseline
values, ' When furosemide was perfused through a segment of the
prbximal or collecting tubules, no effect on potential difference

was observed. ’When furosemide was placed into the bath ané,allowed /o

to come in contact with the plasma membrane, no effect on potential

v -
il

differgnce was observed; Therefore two conclusions were Qerived
from these, experiménts. First, furose:&de inhibited chloride
reabsorption in Ehé’asc%ﬁding limb of the loop of He;leﬁ Secondly,
acpess to tge luminal rather than the plasmg membrane appeared’to
be necessaryvfét the diuretic activit? of furosemide.

The molecular basis for the action‘of furosemide has been actively
sought, but up to the present time, is not well understood. However,

‘ 0y

three basic processes have been invoked:

1)  TInhibition of Na -K' ATPase (Schmidt 1970)

-

-

2) Inhibition of synthesis of cyclic AMP (Ebel 1974) B
3) Inhibition of glycolysis (Klahr et al 1973).

Definitive resolution of the molecular basis for the phérmacolqgical ’

effects of furosemide awalts identification of what role these factors
re .

- g
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play in the control of salt and water homeostasis by the nephron.

Pharmacokinetic Disposition and Analysis

Pharmécokinetic analyses of furosemlde disposition have been
accomplished assuming a one or two compartment open model. The
mathematical description of these models is presented in the following

1
section.

Pharmacokinetics

The word "pharmacokinetics™ dérives its meaning from two stems;
”kiqetics”t the study ofqPovemént and "pharmacon', the Géeek word
for drug and poison. The term was coined by Professor F. Hf Dost in
Geimany. Pharmacékinetics includes the study of time~courses oiﬂ%rug
and metabolite concentrations and amounts in biologlcal fluids,
tissues and excreta; %harmacological response; and the construction
of suitable models to interp}et such data. Thé goals of pharmaco-
kinetics are as diverse as thé disciplines that apply 1ts principles
to their efforts. These discipiines include the clinical sciences,
particularly clinical pharmacology, as well as drug metabolism,
pharmaceutical science, st;tistics, toxicoloéy and pharmacology:
Clinical pharmacology is concerned witﬁ.the scien&ific study of drugs
and their.actions ‘and effects on man. It emphasizes that effects of
drugs are often char;cterized by siénificant interspecies variation
and may ge further modified by diseafe. Functions of clinical
pharmacology are: (Wagner 1975)

1. To improve patient care by promoting safer and more ef%ective

use of drugs.

2. To increase knowledge through research.
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( . It is usually stated that development of sophisticated
mathematical models as well as specific:chemical assays are virtually
) essengial to the interpretatien of the kinetic phenomena. Such

mathematical models are described in the following pages.
.
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One Compartment Open Model
i

[NYRN

The most simple, approach to the pharmacokinetié characterization

4

of a drug is to represent the body as a single compartment.

oAt

Agssumptions

a

iy St s E

P .
Lot et

1. The body is considered as le homogeneous unit with a

volume Vd.

.

2, Any chanées in plasma concentration CP) quantitatively reflect
changes in tissue concentration'of\the drug./

3. Elimination occurs from this compartment by d first-order
process represented by the rate constant k,

4,  The dose of drug (D) is instantaneously distributed through the
body. .

Assuming that the rate of elimination of a drug is proportibnal

Ly e

to its concentration in plasma, it will be described by first order

A

kinetics. This relationship may be expressed in the form of a

linear differential equatiom:
C ‘ '
EE— = -kCP )

where Cp is the plasma concentration at time t and
k is the rate constant for elimination, and for.a one compartment

open model approximates B.
I'4 !

The solution of this equation with the initial conditions Cp =

r {
when t=zero yields

p= %‘Sd (2)

where x is the amount of drug in the body

C

and Vd is the apparent volume of distribution in this single compartment.

e By I e b St 15y an 1
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The exponential form of this eqhation is:

N

¢ =GC e (3)

where e represents the base of the natural logarithm,
]

Therefore, 1ln C = 1aC -kt . (4) . .
P Py’ . e
A plot of Cp versus time on semilogarithmic paper yields a straigh

e

line with the slope -k/2.303. This is described by the equation:
- 4 0 '
) o
Log C = Log C_ -kt/2.303 (5)
P P, k C
* The biological half-life, i.e., the time required to reduce a given 2

plasma concentration by 50%, 1s described in the equation:

. _ 0.693
1/2 k

o

(6)
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Two Cdémpartment Open Model \ ’

r

I3
- i

The two compartment open model describes the body as consisting
of two spaces or volumes. These volumef do ﬁot necessarily correspond
to specific anatomical\structures. They are theoretical spaces
postulated to account for the experimental qbservétion that drugs
are distributed through the body fluid and tissues_at different
rates. However, it has been postuléted (Gibaldi and‘?errier, 1975;
Greenblatt and Koch-Weser, 1975) that physioa?gically one of these
volumes can be described as a central compartment (Vl) probably ?
consisting of blood together with the extracellular fluid of
ﬁighl ' perfused tissues such as heart, lung, liver, kidney and
endo%fine glands. The other space or compartment 1s the peripheral

compartment (Vz). It is gaid to ?e composed o£ fess rapidly perfused
tissues éuch as muscle, skin and body.fat.

This model is represented by a bi-exponential decline in plasma

) .
concentration of drug as a function of time after intravenous .

: &
injection. The initial, rapid fall in drug concentration called the

alpha (a) or distribution phase represents distribution of drug from -
the c;ntral to ﬁeripheral compartmenf. When the “distribution phasg
is comgleted, a dynamic equilibrium begween drug concentgation
cons tantly *

the central and periﬁheral compartments is estabiished

mginﬁained. The curve then enters into -a relatiy€ly slow beta (B)

from both, However, ‘it is usyafly assumed that drug elimination in
\ * .
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this model occurs éxclusively from ,the central compartment. The twp

compar tment open model also specifies characteristics of drug

%

volume V. and drug concentra

on C, is open in the sense that elimination

1 1

]
occurs from,it by excretio

i

{
and/or metabolism. This process ia

represented by the first grder elimination rate constant k The
e

1 -

‘peripheral compartmgdt with the volume V, and drug concentration C

2 2

12 and ~

drug concentration in the, central compartment (Cl) depends .

upo/several simultaneous and independent processes., Drugs can leave

e central compartment by both distribution to the peripheral

compartment and by elimination. .Since they are first order processes,

1
proportionaiity constant equal to the sum of klZ and kel' Drugs

’ 0 +

can return to the central compartment by redistribution from the

t

the rate at which they occur is dirgctiy proportional td C, with a
. »

peripheral space. This movement occurs at a rate proportional to
6

the drug concentration in the peripheral compartment (Cz) with a

#

The rate 6f change in C1

rate constant k can be represented by

21°

the equation: ' g

dCl
i —(klz + kel)cl + koG (7)
The rate of chanmge in C2 can be repregented by the equation
'ici=—kc+kc' (8)
dt 2172 1271
These two simultaﬁgcus first~order; linear differential equatiouns

§ 3

!_519 )
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{ o \ are the mathematical basis for the two compartment model. They are

2

appropriately modified for different methods of drug aamigistration
and solved with the use of Laplace transformations (Gibaldi and

" Perrier, 1975). If one administers a single dose (D) directly into

the central compartment, and assumes instantaneous distribution

4 . éhroughout it, the concentration of drug (Cl) immediately after

injection is equal to the dose ‘divided by the volume of the central

1

compartment., At the same time the amount of drug in the peripheral

compartment is zero. At time (t) = 0 Ci =.% and C2 = 0,
1
Solving equations 7 and 8 yields<the following rélationship between

Cp and time (t) after the end of the injection: -

Cp = Ae—at + Be_Bt '

where CP is plasma concentration of the drug.

(9)

‘
i z A = intercept With‘the ordinate obtained by extrapolating the a.
E disposition curve back to time zero. ¢
B = intercept with the ordinate obtained by e§trapolating the B
disposition curve back to time z%ro.
a = rate constant for the‘initialifﬁﬁi& phase of drug distribution
AB = rate constant for the later slower phase of‘drug disposifion
(metabolism a;d excretion).
A plot of the logarithm ovap-versus time yielgs a curve with
\ two distinct linear segments. The half-life of the.initial fali ’

¢ 1n concentration called the alpha or distribution phase 1s represented

by thé‘equation

. .1n2 _0.693 .
1/2 " o (10

The slow beta or elimination' phase of drug disposition is determined |

/

(; ) by irreversible elimination from the central compartment and transfer

1
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?

of drug from the peripheral to the central compartment. The slope
of the curve during this phase is 8. The elimination half-life is

represented by the equation:

_1n2 _ 0.693
/2" 78 B,

If one knows the rate constants k

£

t (11)

12° k21 and kel’ it is possible

to derive o and g from the following equations: (Gibaldi and Perrier

»

1975, Wagner 1975) .

. / 2
kg ¥y ik y t \/(klz Tl vk Ak ko (12)
2

, 2 ,
g=Fp PRyt - \%ku Thyy TR - Ak k(13
2

I

Volume Terms ¢

The apparent volume
that: volume in which the

uniformly distributed 'in

of distribution (Vd) of a drug is defined as
total amount of drug in the body would be

order to give the observed plasma concentra-

‘tions. It 1s usually referred to as the central compartment. The
total apparent volume of distr%bution of a drug proviies an estimate
of the extent of its distribution through body fluld compartments
vand its uptake by tissues. Its main usé is in relating the plasma
concentration of drug to its total améunt in‘the body at a given
time. Therefore, the fbtal amount df drug in’'the body = Vd'cp
If a single dose of drug (D) is administered directly into the
central compartment (Vl)’and is 1nsta£tanéonsly distributed throughout
it, th;n gt time zero: ’ - . i

D= Cp .Vl. s ‘ (14)

'

‘Therefore V1 =p/c =D/(A+ B) (15)
p
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The volume of distribution at steady state (Vdss) is determined ,
when the rate of change of the amount of drug in the peripheral

compartment is zero. From %quation 7:
&

’ dCl !
T T k1o T kg6 = 0
and substituting ‘ ”
Cl by‘Vl,Cp. 1
then
k]_Z'V]_°Cp = kZl_CZ (16)1
and therefore_ Elg _— E& -y (17 k
a
k21 1 Cp 2

As CZ/Cp = volume of distribution of the drug In the peripheral
coﬁpartment with respect to‘the concentration in the central compart-

ment, then

. Vdss = Vl + V2 (18) ”
l ) . | S
=Vt 1—}7: v, (19)
. 21
K
v+ 1—}-2-_\ (20)
o kyy

Vd, and Vd
B area

For a two compartment open model:

o

k 4 .
= D D (21 < 8) :
| ' VdB D/B where B Vl o ¥ ) (21)‘
v
Therefore Vd, = Lo - B) (22)
8 (kZl - B8) ) )
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( ) Vdarea is approximately \I%qual to VdB.

D D ’
Vdarea‘ B (AUC) A, B
G+g

e
N
.

g

Since AUC = 6‘” ¢ dt =

Qx>

-+

|

FR—

E
SRS

ﬁ 'AUC = area under the plasma concentration versus time curve from

1 t=0 to,t= infinity. It can be calculated by employing an approximate
;':‘ B ' 'y
integration formula. The trapezoidal rule is one of such formulas. H
- 0 .
¥ ’ C
5 ’ i
E l}s -3— + % = TC—ET . 4 P 1
. el '1° 22 !
. s ;
kEl Vl .}
vd = —— 3
area B X i
. ,, ) . :
*  during the beta phase of drug disposition el/B = Cp /B I
0 0 :

’ k Cp v | '

Tt‘xerefore _g_l_.v ..o 1_D_ vd .

. B 1 B B B ) !

The Trapezoidal Rule ’

o " L \

The trapezoidal rule involves the description of a given plasma

TR [t TR AR R SN

‘concentration curve by a function that depicts the curve as a series

PR

of straight lines, thereby enabling the area under the curve to be

. . divided into a-number of trapezoids. The area of each trapezoid ) o
is calculated and the sum of the areas of r%ll trapezéids yields an

. estimate of thfz true area under the curve of interest. It can be

expressed by the equation: (Gibaldi and Perrier 1975) ’

—
'

t . -t
I n . =n—1 i+1 i - 3
i g (r) dt i§=O — (ql +Cyq) oo (23)

o
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Utility of Caltulation of Area Under the Concentration Versus

TiméqCurve (AUT)

i

AUC is an important determination for the calculatibn of many

\

pharmacokinetic parameters such as plasma clearance, renal clearance .

and the volume of distribution., In those:rcalculations, AUC describes

- ./

"the plasma concentration of a drug. Determination of AUC is important

for oral dose studies in which AUC measures bioavailability., It is

also important in considering oral versus intravenous drug aministra-

tion in which AUC measures the relative bioavailability of oral

3

doses.

C learance
I — Y

IS

Serum clearance (Cls) Drugs can be cleared from serum by hepatic -

biotransformation, excretion by the kidney, exhalation by the lungs

or fecal excretion. 1In a two compartment model, elimination of drug

»from the central compartment is governed by the rate comstant g 1°
' e

/

This is related to serum clearance by the equation

. “
~ - - 9 Y
Cl8 Vl'kel o
#

c1 =g.va =593 A24)

8 area t - area ,

1/2

. s D D . , . v .

vy Cl = - = (25)
i s " T ac  AUC

a
o

C%earance of a drug is 1inversely ptroportional to its elimination”

half-life gtl)ZB) and is directly proportional to the apparent

volume of distributifn (vd). sy

e
1

Renal ‘Clearance )

[

 When the drug is partiall& or entirely excreted unchahgeg by the
/

o N
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. , \
kidney, its renal clearance can be calculated by dividing the amount
1

of drug found unchanged in the urine by the mean plasma concentration

in the same time interval. However, the area under the plasma concen-

t¥ation versus time curve (AUC) feflécts better its changing plasma

concéntration for the time interval described by the equation:

‘

_ urinary excretion of unchanged drug

ClR t2 ) A} -
I Cdt »a (26)
“ ‘ ~
urinary excretion of unchanged drug 27

AUC from tlxtO“tZ

3

AUC 1is calculated by the trapezoidal rule for the time 'interval of

v

patient urine excretiom. ) P
Another way to describe elimination of a drug 18 to determine

its excretion rate. Jt is calculated by: .,

Fxc = L - v L (28)

i,

where U 1s the comcentration of the substance found in urine,

V = urine volume excreted during the collection time and t = time

er

. .
or period of urind collection. The excretion rate does not require
plasma concentration data for its determination, This is particularly

important for drugs where blasmé concentrations do not reflect drug

action. " w
Y

Utility of Clearance Determinations

Clearance of a substance describes the volume of plasma or serum.
per unit of time from which it is removed. For renal clearance, it is

a measure of the efficiency of the kidne§ to clear a particular

substance, Serum clearance in%ludes both renal clearance and clearance

o A kb o o ot
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)
'

: (E» due to metabolic transformation. Determination of both plasma and renal
y clearance will indicate relative rates of metabolism gnd urinary excre-
" tion in the disposition of a substance’. It is important to know how
: ' \ X
5 ) a drug is cleared from the body, at what rate it 1s cleared, and
3
§ which organ fh predominantly responsible for clearance of the drug,
s ,
{ . ' in order to derive optimal therapeutic regimens and to prevent i
% ‘ " ! '
VR } toxicity. *
lg I
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GLOSSARY OF PHARMACOKINETIC ABBREVIATIONS

2

C 8

B

atl/z

Bty /9
A

vd
88

d
‘area

<

Plasma concentration at any time

Plasma coﬁcentration at t=0

Elimination rate constant, one compartment model
Elimination rate don§tanttfor two compartment model

Rate constant for transfer of drug from the central

to the peripheral compartment

Rate constant for tran;fer of drug from tle peripheral

to the cehgral compar tment

Dose of drug administered

Drug concentration in the centrai compartment

Drug concentration in the peripheral «compartment
‘ Rate constant fo; thé distributiop (alpha) phase

Rate coéstant,for the elimination (beta) phase

(Alpha) distribution half-1ife

(B@ta)ueliminaéion half-1ife

Intercept with the ordinate obtained by extrapolating the
‘o disposition curve back to time=0. '
Intercept with ;He ordinate obtained by extrapolating
the 'g disposition curve back to time=0,
Volume of the central compartment
Volume of the peripheral compartment
Apparent volume of distribution

Volume of distribution at steady state

Apparent volume of distr%bution calculated from the

> 4
area under the plasma concentration curve
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GLOSSARY

Exc

Apparent volume of distribution during the beta

+ or elimination phase

Area under the plasma concentration versus time

Serum clearance
, Renal clearance
i

Uripnary excretion rate

- gy

a

f

curve
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MATERIALS AND METHODS ) i

Patient Selection and Diagnosis

Sixteen patients with the diagnosis of Acute Pulmonary Edema seen

v

“ih the Montreal General Hospital volunteered to participate in this study.

(Ethical approval protocol - Appendix 1). Cpitefia for the diagnosis of
acute pulmonary edema and admission intoithé,study were as foiléws:

1. Recent onset or acute exacerbation of severe dyspnea;

2. Acute regpiratory distress with bilateral chest rales on auscultation;

Chest X-ray compatible with acute pulmonary edema of cardiac
. .
originv«
These criteria are similar to those accepted for the diagnosis of

I
acute pulmonary edema (Lesch et al, 1968), which were:

1. Sudden recent onset of severe dyspnea.

2.  Acute respiratory distress with bilateral rales or wheezes (patients
|

¥ with primary pulmonary disease were excluded), and respiratory rate

t

greater than 30.

3. Climical evidence of corgestive heart failure.

¢ {
L3

4,  X-ray film of the chest compatible with acute pulmonary edema.

Clinical diagnosis of acute pulmonary edema wgs agreed upon by at

monary edema wds assessed

least two physicians. Sev?rity of acute pul
b J "

on the basis of the X-ray film as follows:

)

Milj: Hilar and pulmonary vascular congestion and either perivascular
(hazy and

indistinguished vessels) or éeptal (curly B lines) pattern of

interstitial edema.

Moderate: Alveolar edema with small patchy nonconfluent densities,

estimated to invglve less than half the area of the lung fields.

- 25 -
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Severe: Alveolar edema with large fluffy confluent densities,
estimated to involve ﬁore than half the area of the luné fields. ) ‘

TheSe’criter%L are identical to those accdpted for the classification
of severity of acute pulmonar}Téera (Aberman gglgl 1972).

Some of the patients with pulmonary edema had myocardial infarction.

N

The diagnosis of myocardial infarction was made on the bases of:

!

1. Increased serum enzymes, creatinine phosphate kinase (CPK) glutamic oxa-

¢

loacetic  transaminase (SGOT), and lactic dehydrogenase (LDH), within

24-48 hours after onset of symptoms.
2. Electrocardiogram showing abnormal § waves, changes iT ST segment
and later, symmetric inversion of T waves.

Clinical evaluation was completed within 20 minutes of the' patient's
arrival in the emergency ward. Routine treatment of acute pulmonary edema
instituted~a_the emergency unit of the Montreal General Hospital may

|

include placing the p2tjent in semi~upright position, supplemental oxygen
by mask, rotating tourniqud¢s to the limbs as well as&administration of
morphine, theophylline and di\goxin. In this gudy an intravenous (i.v.)
infusion of furosemide (20 to)80 mg in 10 ml solution.of 5% de¥trose) was
a&ministered over five minuteg¢ by an infusion pump. The patient was asked
to empty his bladder before fhe administratiog of the drug. Patie¢npts
were then transferred to the Medical Inténsive Care Unit (MICU) or
coronary monitoring unit ACMU). 6ther therapy was the responsibility of
the attending staff in/the MICﬁ or CMU. Qdministration of furosemide did

v
1

not preclude other rug therapy.

Exclusions

B . .
. PggAfents with pulmonary edema secondary to inhalation, aspiration or
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,‘ LT ingestion of toxins and patients with acute cardiac dysrhythmias ‘or
. cardiovascular shock were ex&luded from this study. As patients received

» a drug which was accepted treatment of this disease, their consent was

obtained only for blood and urine sampling in conjunction with this

°

investigation.

Collection of Biological Samples
|

b Blood samplas were taken from the arm opposite to the one used for drug

infvsion via an indwelling venous cétheter in an antecubital vein. The
SO catheter was fiiled with a solution of heparinized saline (10 U/ml) between
sampling to prevent clotting. The catheter was withdfawn after the first
§
L " ' 12 ﬂours. Thereafter samples were taken by venipuncture.
Blood samples, placed in glas§é tubes without anti%oa%ulantg were
.taken at the followiné intervals: v

\ Pre-dose, 10, 20, 30, 40, 50, 60, 70, 80, 100, 120 minutes and then

3, 4, 6, 8, 12 and 24 hours after the dose. Serum was separated by

‘
N

Urine Samples

o« All urine excreted was collected during the following intervals for

24 hours after drug administration: *
0-20, 20-40, 40-60, 60-80, 80-100, 100-120 minutes and then 2-3, 3~4, 4-6,

6-8, 8-12, 12-24 hours. The patient was asked to empty his bladder at the

AR

intervals described above. When that was not possible, urine was collected
' at the time the patient voided spontaneously. .

After measurement of volume, aliquots of Jrine samples were frozen

at =20° until subsequently analyzed.

r res imarde et & -y
BRP T e Y

Sample Analysis ) ' )

‘ Samples were analyzed 'during a period of 5 months and were checked

centrifugation and frozen at -20° until analyzed for drug and ionic content.

r‘““”‘\“"‘g{ﬂww; ety e ANV i e, e B R
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during thht time at least twice to assure that theré were no differences
in the measurements during that time. Serum samples were analyzed for
; .

furosemide, 2—amino—4—chloro—5—sulfamoyl?nthranilicracid, sodium,
potassium, chloride and creatinine content.

Urine: Samples were analyzed for furosemide, its metabolites
(furdsemide glucuronide gnd 2-amino-4-chloro-5-sulfamoylanthranilic acid),
sodium, potassium, chloride, magnesium, calcium, éreatipine, volume, pH

and osmolality.

Assay for Furosemide and 2-amino—4—chloro—5—suifamoylanthranilic acid
f§

A gas-liquid chromatographic (GLC) method was used for the determination

of serum and ur%ne concentrations of furosemide and its acid metabolite
(2-amino-4~chloro-5-sulfamoylanthranilic acid). qhis assay is a modifi-
catiopn of the method reported by Lindstrom and Molander (1974). The major
change invoived inclusion of benzbromarone as the internal standard.

Serum or urine (0.1 ml) was diluted with 0.2 ml of water and benzbromarone
] *
(200 mg in 10 pl 95Z v/v ethanol) in a 15 ml round-bottom plastic stoppered

P

tube, The mixture was acidified with 4'N hydrochloride acid (45-u1) and
extracted with diethyljether (2‘x 3.0ml) on a vortex mixer for one minute.
The organic solYent (upper layer) was removed, combined and evaporated to
dryness under a nitrogep atmosphere. A solution of 0.2 ml of 0.2 N sodium
hydroxide; 5 ul of 0.1 tetrahexylammon%um iodide in dichlofomethane
and"0.5 ml of 0.5 M methyl odide in dichloromethane were added to the residue.
The tube was capped, mixed and then incubated at 50O for 20 minutes.

; 1
The conténts of the tubE‘were mixed twice during the incubation. The
sample was centrifuged at 1000 x g for 10 minutes. The upper (Aqueous)

layer was removed and the organic solvent was evaporated in a nitrogen

atmosphere. Hexane (0.10 ml) was added to the residue and the capped tube

<
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was ‘placed in an ultrasonic bath for 15 minutes. The tube was centrifuged

. , i
at 1000 x g fgr 10 min and the hexane solution was transferred to a

r

0.2 ml vial which was sealed. An aliquot:(S uy) of this solution was

injected for determination of furosemide and its acid metabolite

concentration by GLC.

’

Pringigle § i :

.

The basis for gas chromatographic separation is the distribution of a

sample between two phases. One of these phases is a stationary fluld of

'large surface area (liquid phase) and the other phase ig a gas which

percolates through the staFionary fluid. Heat is used to vaporize the
componénts to be éeparated. They are then carried through the heated
column by an inert gas (carrier gas). The sample mixture is partitioned
between the carrier gas and a very low volatility liquid (stationary phase).
The stationary phase gselectively retards the sample components, accordiné
to their partition coefficients, until they form separa%e bands in the |
carrler gas. These component bands leave the column in a gas stream and

are recorded as a fu@?tion of time by the detector. The 63N1 electron
capture deteqfor selectively Aeasures compounds which have an affinity

for electrons. It measures the loss bof signal rather than ¥*positively

produced electrical current. If a sample containing electron absorbing

molecules is then introduced, thej:E}rent will be reduced. The loss of
2 ;

current is a measure of the amount and the electron affinity of thel
pompoﬁndﬂ, These changes in current are recorded by an electronic integrator
and are proportional to the peak area of the eluting component.

.All samples were aﬂglyzed in duplicate. A calibration cupvé was

derived by adding known.amounts of furosemide and its acid metabolite to

I

. -
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‘either serum or urine and analyzing the samples as -described above.
Thé7§as l;quid chromatography analysis for each sample required

20 minutes.

Instrumental Conditions

. Uy
The gas-liquid chromatograph was a Hewlett-Packard model 5713A
iqgtrument equipped with a pulsed electron capture 63Ni detector, a
2
model 7671A automatic injector and a model 3380A reporting integrator.
)

The column was a glass tube (6 ft x 1/8 in i.d.) packed with Bf ov-17
) )

on chromosorb W (AW—DMCé; 80-100 magh). Operating conditions were:
injector,teﬁperature 3000, column temperature 295° and detector &
temperature 350°. The carrier gas was “57 methane in argon at a flow rate
of 30 ml/miﬁ. The method used to determine the concentration of fitrosemide
was the peak ;rea ratio between furosemide or its acid metabolite and

benzbromarone, the internal standard. ‘

Assay for Furosemide Glucuronide

k4

One ml of urine was placéed in a 5-ml round-bottom screw-capped tube.
One ml of bacterial S—glucu}onidase type I (450 units/ml dissolved in
*QKOxml of 0.1 M pH 7 phosphate buffer and 2-3-drops of chloroform) was -
added. Urine samples were then incubated at 37° for 17 hours. Simulta-
nawusly, samples withoutAB-glucuroqidase were incubated as controls. The

differences in furosemide concentration between urine samples incubated

* with and without B-glucuronidase was used as a measure of the concentration

A .

? of furosemide glucuronide which was then expressed in furosemide equivalents.

An experiment. was done to dete&mine whether the urinary metabolite was
due to the conjugation of gluchroniC\aéid with furosemide. A sample,was |
selected which was previously found to contain a significént amount of
furosemide glucuronide. Une ml of this urine sample was placed in each

1w
&

Y
.
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of 18 tubes. Bagterial B—giucuronidase solution was added to six of
these tube;. Bacterial B—glucuronidage solution in conjunction with
20 mg of glucuronolactone was added to six other.tubes and phogpgate

buffer (0.1 M pH 7.0) was added’ to the remaining six tubes. One tube

from each.of these ngups was frozen immediately. The remaining tubes :
. o I

were incubated at 37°. One tube of each group was removed after being

s

" J
incubated for 4, 8, 12 16 and 24 hours. Tubes were frozen immediately

e

after removal from the bath. Samples were thawed and analyzed in

duplicate for furosemide as described above. ' -

3

Electrolyte Assay

k]
-

S e L e e

Sodium and Potassium

;

Sodium and ﬁbtassium were determined by flame emission spectro- : é
photometry with an I.L. Model 151 atgmic absorption/emission %
spectrophotometer, rf
Principle ;’

Flame emission, like atomic absorption, uses a flame to disyersé

the sample and produce a cloud of neutral atoms. However, instead of a

\ 3
light source, emission analysis uses the flame itself as an energy source

. e el -

to- excite the grbund state neutral atoms. When the excited atoms return
to the ground state, they emit light of a wavelength characteristic of,

the emitting species. The intensity of this emitted light is directly

proportional to the concent}ation of that atom in the flame. For analysis, ,

3

the wavelength of an emitted line is selected by a monochromator, and
*

! its intensity is measured by a detector and amplifier. The relative

on intensity of an element is'displayed on a digital meter, which

may be calibrated to ion——Fhamthanium nitrate (17 wW/V)

)

~

-8
* was used as a diluent for sbdium and potassium determinations té %yppress
! . w

,
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excessive ionization and enhance sensitivity. A calibration curve was

‘

determined by adding known amounts of either sodium chloride or potassium

.
-,

f

-

chloride to the diluent and determining emission intensity in the flame..

IR

All samples ‘were analyzed in duplicate and the result for each sample
was the mean of three readings of the digital display-of emission intensity.l

v The calibrated curve was checked with a standard control after every -

s
il

twénty samples. Plasma and urine samples were diluted 1:10,000 for

By
sodium and 1:500 for potassium determinations. Instrumental conditions
, ' L i
for sodidm analysis were as follows: photo-multiplier 800 V, slit N
. - . X
. width 160 ym, wavelength 589 nm, fuel acetylene and oxidant air. The i
/ : x

sample aspiration rate was 4.5 - 5.0 ml/min. Analysis was done-with a
lean flame. The optimal range for sodium determination was 7-700 ng/ml

with a detection limit of 0.7 ng/ml. Instrumental conditions for

©

potassium analysis were as follows: photo-multiplier 1000 V, slit width 520 um,
. wavelength 766.6 nm, fue% acet%}ene and«oxid;ﬁt/air. Sample aspi;ation

;ﬂ ‘ " rate was 4.5 - 5 ml/min. Analysis was done with a lean flame., The optimal
ran;e for'potassiﬁm determinations was 50 - 500 nhg/ml with a detection

¥

‘ limit of 5 ng/ml,

Calciun and Magnesium

% > '

Calcium and, magnesium were deterq}ned by.atomic absorption

épectrophotometry with an I.L. model 151 atomiq¥absorption/emission

,v

spectrophotometer.,

i ’

Princiéle .

. ) a
In atomic absorption analysis a solution of sample is sprayed -
' into a flame which dries, volatilizes, and breaks the sample into clouds
of neutral.‘atoms. Light from a hollow cathode lémp’passes through the

flame, and the‘neutral%atpms of the sample, by absorbing some Sf this light, .

.
.

t
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! ¢

. ' ‘ decrease the intensity of the beam. The amount of light absorbed,by the

- R ¥
. s neutral atoms is a function of three factors:

K

1. Absorptivity cdnstant for the element at the wavelength measured.

; . 2. Length of the light path through the flame.

i;\ 3. Concentration of the element being measured, taken as a direct relative
. : < *

iz ] measure of the number of neutral atoms.- \
{ ) By ;aking the first two factorS’constgnt, the amount of ligh

i}: absorbed is a measure of the concentration of the element. A éiven element
§ absorbs at the sanme wavelength that it emits when excited. Since a large

g, proportion of atoms in the flame exi;;t in the unexcited mneutral gtaté, the

' wavelength absorbed is ground state radiation. ' -

For analysis the wavelength of an emitted line is selected by a
J monochromator, and its,absorbance is measured by a detector and amplifier.

The relative absorbance of an element is displayed on a digital meter,

v
/

which may be calibrated to read concentration. Deionized water was used e

as a diluent for magnesium and calcium. A calibration curvepwas

determinated by adding, known amounts of either calcium or u;agnesium standard

e s
'

(1.0 g/L) to the diluent and determining the absorbance. All samples

“

P

were analyzed in duplicate and the resdlt ‘for each sample was the mean of

~ three readings on the digital display. The calibration-curve was checked

with a standard control after every 20 samples.

‘

dPlasmé and urine samples were diluted 1:5 for calcium and magnesium
de%ermination; Instrumental conditions for calcium samples were as
f.ol\lows: lamp current 7 mA, photo-multiplier 530 V, slit width 320 um,
, wavelength 422.7 nm, fl‘lel acetylene and Foxidant.air. The sample aspiration

rate ‘was 4.5 - 5.0 m17minf Analyéis was done with a lean flame. The

) - optimal range for calcium determination was 20-10,000 ng/ml. The '

4 i
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detection limit was 2 ng/ml.

Instrumental conditions for magnesium analysis were as follows:
lamp current 4 ﬁA, ghoto—muliiplier 530 Vv, slit width 320 pm, wavgleng?h
285.2 nm, fuel acetylene and oxidant ai;. The sample aspiration rate
was 4.5 - 5 ml/min. Analysis was done with a lean flame. The optimal
range for magnesium detérmination was 3-1000 ng/ml with a de;ect&on 1imit

of 0.1 ng/ml.

Chloride Determination

Chloride was determined by titxation with a thhlef—CaElove chlorido-

mé;er , .The technique involves the coulometric generation of reagent.
a

‘A constant direct current is passed between a pair of silver generator
‘electrodes causing a release of silver ions into the titration solution
at a constant rate. The end-point is indicated after all the ghlo;ide
ion has been precipitated by the increasing concentration of free silver
ion. This is\detected by the amperometric g&rcuit wherein the free silver
ions cause a rising current to pass between Lyo indicator electrodes and
a meter relay in the indicator amperometric circuit. At the preset
increment of indicator current th; relay is activated, stopping a time
thch runs concur;ently with the generation of silver ions. Since the
rate of generation, of silver ions is.constant, the amount of chloride
precipitated is proportéonal to the elapsed time.

!

Technical A spects: S \

! o
'(a) Reagent (for high titration rate)
1. Nitric-acetic reagent
0.1 N nitric acid (HNQ3)

10% glacial acetic acid

o
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\

T ‘ 2. Gelat:\Ln reagent

t

Dry mlx:

sy
Fmeh

. Gelatin ' : 60
Thymol blue, water soluble 1
- Thymol reag?ant grade crystal 1 -
Titration times of 20 to 60 seconds per sample have a standard
deviation of ai)out 0.5 per cent ovf mean value and shorter ‘times of abc;ut
5 seconds per s;ample have only slightly greater variability. The method
accurately measures amounts as low as 0.25 mEq of chloride.

:‘All the samples wete analyzed in duplicate and the concentration of

chloride in mEq was the mean of two.readings. The calibration curve

was checked with a standard control after every 20 samples.

\

Creatinine .
§ Creatinine was determined by quantitating gthe red pigment, alkaline
: \

creatine picrate (Jaffé reaction). The formation of the red color ’

>

\
characterized the reaction of creatinine with picrate in an alkaliné

N e e

solution and it is determined with a Spectronic 20 colorimetric/spectro-

photometer (Bausch and Lomb) at 520 nm, ' )

Principle .
The Spectronic 20 is an instrument used for measuring the effective

L

transmigssion of monochromatic 11g_h;,,thr?oﬁgh/3/ solution. This measurement,

determines thfjgncentfaﬁion of solute in solution. It.contains a

source of white light and an optical syste;n which separates that light 3

into its component wavelengths,' collectively called its "gpectrum". Any *

wavelength in this spectrum may be-.selected for use, The selected wave-

W
«

length passes through the sample (contained in a test tube) and strikes
. ‘ v
a photosensitive vacuum tube. The resulting eleatronic signal is amplified ,5? .

0 s-gL ’
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and displgyed on the meter, indicating theqpercent transmittance or
absorbance of that sample. | ‘

The standard curve was determinéd by adding kegwn aﬁounts of
creatinine (stock c¢reatinine standard; 2 mg/ml inyz.l N HCl; stable
indefinitely in the refrigerator) to the diluent and reading against '
reagent blank at 520 nm. All samples were analyzed in duplicate and the
concentratigﬁ of creatinine was the.mean of two readings.

Osmolality s . }

‘ Osmolality was determined with a FiskeR osmometer which is 'a simplified
apparatus for accurate &etermination of osmotic pressure. ’Tée'osmometer
measures freezing polnt depression but it is calibrated to read osmotic

2

pressure units directly. .

Principle

!

If pure water is very carefully cooled without being disturbed, it
may reach temperatures as low as —400 without freezing. Water that is
cooled below the normal fre;zing point is séid to be superCOO}ed. If
a plece of ice or a speck of dust is added to such water, freezing takes
place fapidly‘and the temperature rises to O?, the normal freeizing point, .
This is due to the fact that each gram of water at 0° that forms ice ag
0° gives off 80 calories of heat.ﬁlatent heat). The formatidn of ice
takes place readily at this temperature if there is some dust or other
foreign matter on which the first crystals of ice can condenge. Super~-
cooling occurs when no such foreign matter is present. Solutes in a

liquid solvent generally lower the freezing point of their solvent. The

freezing point depression is usually proportional to the concentration of

solutes.

The calibration curve'is obtained by measuring the freezing point

depression of solutlon of known solute concentration.
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A calibration curve was derived from FiskeR staﬁdard solutions
containing known amounts of sodium chloride. All samples were analyzed
in duplicate and. the osmolality for each sample was the mean of two
readings. The calibration curve was checked with a standard control

after every twenty samples.

Data Analysis !

]
i it .
Pharmacokinetics calculations were based on the assumption that

1

disabpearance of furosemide from serum was consistent with a two compartment

1

. l ] . ..
. open-system model, Serum concentration versus time data were analyzed

™

with an iterative least squares computer program, ASAAM-23 on an IBM
i

360/65 computer for derivation of pharmacokinetics constants (Berman and

Welss, 1966). This analysils yielded the pharmacckinetics constants

, Vd and
ss

1 2

ClS were calculated from the formulae described in the introduction

klZ %él kel and V.. Other pharmacokinetics parameters (a, B, V

(Equations 12, 13, 17, 19, 24). This approach was possible for eleven of
the sixteen patients. In the remaining five patients, due to multiple
doses, it was not possible to estimate the alpha phﬁse with precision,

but it was possible to calculate B, Bf , Vd and €1 as described
1/2 .area 5

e

in the Introduction (quations 11, 23, 25).

'

Urinary éxcreétlon rate and renal clearance of furosemide were calculated

A

for all the patients as described in the Introduction (Equations 26, 27, 28).

A non-parametric method, Mann-Whitney U~test was used for the amalysis
of data. The possible relationship between the pharmacokinetics and
pharmacodynamic disposition of furosemide was assessed by correlation
analysis using least squares linear regression followed gy analysis of
variance for goodness of fit. The minimum level for significance was

\

aécepted to be p § 0.05.

.
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DR EN

" CHEMICALS UTILIZED IN THIS INVESTIGATION ‘

- i ’ ’1
Chemical ‘ Supplier
Furosemide ( ‘Hoechst ,Pharmaceuticals, .
2-amino~4-chloro-5~-gulfamoyl- Montreal, Quebec
LY .
anthranilic acid *
Bensbromarone r Mead Johnson & Co., Toronto, Ontario
Hydrochloric acid J. T. Baker 'Analyzed Reagent' ;
5
Sodium hydroxide supplied by Canadian Laboratory
Lanthanum Supplies Ltd., Montreal; Quebec j
Pieric acid- ;
Lloyd reagent {
Oxalic acid o : g
Picric acid \ !
I o A ;‘z
Methyl {fodide :
’ ' \
Nitric acid ’
- Bacterial B-glucuronidase Sigma Chemical Compahy,
Glucuronolactone St. Louis, MO. ' b )
Sodium tungstenate Mallinckrodt Canada Ltd.,
Ether ' Montreal, Quebec
Osmolality standards Fiske Associates Inc., :
100, 200, 400, 500, 1000 . Uxbridge, Mass. 3
milliosmoles | '
| 1
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z CHEMICALS - ant;inued
Chemical ( Supplier
Nitrogen (highipurity) Medigas, Montreal, Quebec

A

Acetylene (purified)

Hexane Figher Scientific Co. Ltd.,

A .

Methylene chloride * Montreal, Quebec ' )
M E
- | \ !
Sodium chloride 'Analar!' " B.D.H. The British Drug Houses, Ltd., p

Potagsium chloride 'Analar' Montreal, '‘Quebec .
. ‘ X
Calcium standard Harleco, A Division of American ;

, JMagnesium standard Supply Cd., supplied by Canadian

Laboratory Supplies Ltd., Montreal,
|

Quebec

5

Electrolytes standard ‘ Dade Division of American Supply Co.,

o e S et i
-

- A supplied by Canadian.Laboratory Supplies

3
Ltd., Montreal, Quebec ! ;

Gelatine reagent’ Searle, Division of Searle Analytic %

Inc., supplied by Canadiapn Laboratory

A

v . ‘ , Supplies Ltd., Montreal, Quebec

Tetra-N-hexyl ammonium ICN Pharmaceuticals Inc.,

iodide Life Sciences Group,

| - Montreal, Quebec
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Figure 1. Chemical structures of furosemide, 2-amino-4-chloro~5-
N - o« |
- o
R ® sulfamoylanthranilic acid and benzbromarone (internal
. standard). . -
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presented in Figure 5. Neither samples which contained urine and buffer

, RESULTS

¥

Analysis for Furosemide and its Metabolites
i Chgmical sprucéufés of furosemide, 2—amin0-4-ch10r0—5-sulfamoy—

lanthranilic acid and benzbromarone are shown in Figure 1. The retention b
indices of furosemide/benzhromarone (F/B) and 2—amino—4—chloro—5—
sulfampylanthranilic aéid/benzbromarone (acid/R) by gas—liquid#chromatographic

analysis were 1.68 and 0.73, respectively. Gas-liquid chromatograms

of the extraction of furosemide and its metabolites from both urine and

~

serum samples were similar., Representative examples are shown in

LY I S

Figure 2A and 2B. The standard curve of the area ratio F/B was linear

within the range of 0.05 to 64 mg/L and for acid/B was linear within the

o A et

range of 0.1 to 32 mg/L.. Representative calibration curves are shown in
e

Figures 3 and 4 respectively. The range of concentrations found either ]

in serum or urine of the patient's never exceeded those limits. Correlation

coefficient values for definition of the linearity of these standard,
3 i

t

curves was always greater than 0.99. .

H

The relationship. between the amount of furosemide glucuronide found ‘

in urine and the time of urine incubation with g-gluycuronidase is

-

nor samples which contained g-glucuronidase mixed with glucuronolactone

: |
showed significant difference in the amount of furosemide due to the - .

- L >
incubation. However, the amount of furosemide increased with time of

v

incubation until sixteen hours had elapsed in urine samples containing

g-glucuronidase. °'The differences between urinary furosemide content

A

v
'

before and after hydrolysis for 16 hours with B-glucuronidase was
4

attributed to the formation of the glucuronide conjugate i; furosemide.

.
‘'

‘The site of attachment of the glucuronic acid moiety to futosemide was o

not determined.

-
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+ Figure 2.

_Representative gas-liquid chromatograms of extracts

of serum’” or urine for furosemide and its' acid metabolite

- - 2-amino-4-chloro-5-sulfamoylanthranilic acid. A, sample
blank; B, 2-amino—4—chloro—é—sulfamoyianthranilic acid .
. B} (4.85 min), benzbromarone (6.66 min) amnd furosemide
(11.19 min). Tl ’ \
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‘ - Figure 3. Representative standard curve for the extraction and ;, B ‘:»;
* - - - gas—-liquid chromatographic analysis of furosemide R £ .
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. . ’ ‘ 4 g . .

- » from serum or urine with benzbromarone as the internal 5
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Representative standard curve for the extraction and

gas-1liquid chromatographic analysis of the acid meta-

bolite of furosemide, 2-amino-4-chloro-5-sulfamoyl-

anthranilic acid, from serum or urine with benzbromarone N

as the internal standard.

B - S
é
v
- &
N - N
- -
~ - N
- =
. .
.
-
- . -
o
— . . e
- - . . ¢
. R
- ~ - .
&
- - . ’ . .
» -
. - - v -
- * R -
> - -
o -
>
B <
- s et s B s EE pryrre e




- 44 -

/

2 /ow - IOV OITINVHHLNVTAONVLINS-§
- . -ONIANY-Z-OHOTHO-¥
oL ¥L zL oL 8 9 ¥ T 0

T T T T

] L T T T

+

" $00'0=XAS

<
<]
=
. 4z % qu
6660=1 | &g
=
£00-2¥9°0=A 3>
1 23
2 b B o}
=z " n num
, mm
49 ME
- >
- Q
] e}
w 1
4 w®
) @ -
. 40l o
J
.o 4 o
—+
- 'NFO

~-OHOTHO-¥ -ONINVY-Z

-




v

Relationship between the hydrolysis of furosemide.
&

absence of beta-glucuronidase with and without its
. specific inhibitor glucurgnolagtone.
~ : )

. . .
,
- _ -
A ~
A .
,
-t ) =
t
- ~ LY
k3
- S
. '
. . Ch e e e e — - - . kY
Sis, - TS e bt s R AT s - e e s R S A S N P
- o /
. - - -

e e TTANETEMRRL TS
T S TEERERATN L

glucuronide and incubation time in the presence and

’

e o

-
p



s -
!
wn
A lC
D
T wl . @ Tonaaiitaiiiiiiiiininaiceiiiiiiaaiiniitiiiitiiincins ;%
Ly @ g B R S I T
« 89 i :EEEE?EEEEEE?EEESEEEEEEEEEEESEEE':?:'EEE’.EEE: |
\ ) 0:12‘ ) -:;~:::::::::::;z::::::--::::::::::z:;':%. l
\ § i3l MMMLMIDMUIMIMNY * \\
L oLg e
3 = e -
- z Ez’g
NN
o S S o <'>. o
9 ?o CO‘ | < oY) (o
' 5!:1 - 3AINISOoHNA

gt




v R  See®

-~

A

e -

Patient Population

[3

1

!

!

Demographig Data - - !
Twenty patients with the diagnosis of acute pulmonary .edema were §

; i

considered for admission to this study. Four of these patiedts were :

exciuded;¢phree of them withdrew before the study was completed and !

one presented in cardiogenic shock, The 16 patients remaining in the

ﬁtudy ranged from 28-88 years of age (median 69 years) and weighed from |,

.
JOTRETON )

46.8 to 100 kg (median 70.4 kg). Therg were 11 male and 5 female

-t

patients. Nine of them had suffered an acute myocardial infarction;

four had coronary arterjosclerotic disease; two had hypertension and

[PPSR

one had aleoholic cardiopathy. Four of the 16 patients had abnormal

creatinine clearance (less than 60 ml/min). The characteristics of the
W

patient population are. presented in Table I. Other drugs received
! |

concomittantly with furgsemide during 24 hours. of the study are presented

S e P RsCRRER B et W -

/

in Table II. Twelve og\fheﬁpatients received digoxin and six received

[

lidocaine.

-

FPUON B

Kinetic Disposition of Furosemide

)

There was a biexponential decay of serum furosemide concentration over

time. A representative sémilogarithmic plot of disappearance of ;
¢

furosemide from serum after an 80 mg dose administered intravenously '
over 5 minutes to a 68-year old male patient (Patient No. 11) is shown in

Figure 6. The alpha and beta dispogition phases can be readily
o I
distinguished and a measurable quantity of furosemide was.detected 24 hours
. \
after the single ddse, The pharmacokinetié disposition of furosemide £
~N

in the 16 éatients is presented in Tables III amnd IV, )

t

o

The serum furosemide concentration over time in 11 of “the 16 patiénts
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TABLE I. Description of patient population
Patient Age Sex Weight Cause of the Classi~ Creatinine
No. yrs kg failure fication Clearance
k . ’ ml/min
1 67 M 72.7 Anterior MI severe 59
2 81 | M 90.9 Anterolateral moderate 89
MI
~3 75 M 90.4 hypertension mild 145
4 74 M 65.9 septai MI ~  severe 115
5 69 F 52.3 subendocar- moderate 132
dial MI
6 " 65 M 68.2 alcoholic severe 161
/ " cardiopathy
’ } atrial fibril-
K lation
7 51 M 72.7 C.A.D. mild- 1107
8 75 M 77.3 hypertension severe 25
\ .
9 28 F 68.1 " anterior MI moderate 142
. I ’
10 65 M 77.3 subendoccar- moderate 107
) dial MI
11 68 M "63.6 anteropos- smoderate 55
! teripr MI
AN
12 88 F 50 C.A.Dx/ moderate 134
atrial
fibrillation .
13 70 ‘M 81:8 anteroseptal severe 114
MI ‘ ‘
\.'(\ I\
N 14 .75 M 100 C.A.D. moderate 123
[N
15, 88 F 55.5 anterior MI severe 70
16 64 F 46.8 C.A.D. severe 50
mean 69 70.9 .
.~ median 69 70.4
range 28-88 . 46.8-100

N T
RSV

R

St

P
&



r B v ¥ —'/ - - T T —— —_——— ——— —
t : . T
|
/
! ' - 48 - .
e e
' TABLE ITI. Concomitant Drugs
Patient’ .. i
No. - ) _ (r
1 Lidocaine, digoxin
2 lidocaine, nitroglycerin, diazepam
3 - s
, , .
4 lidecaine, digoxin, insulin, morphine '
5 -—- /
, 6 . digoxin, aminophylline !
L 7 digoxin . !
e 8 morphine, digoxin ’ ]
} | : 9 \  lidocaine, digoxin
3 i . ‘
g 10 digoxin, nitroglycerin * ,
o ] .
11 . digoxin, lidocaine
&
. 12 digoxin, heparin .. -
l d: o ! )
\ ¥ 13 xylogaine, insulin . )
% ) 14, digoxin, aminophylline , \ §
N T 15  morphine, digokin, insulin : : :
b . . .
? - 16 digoxin 4 ”
] N ‘(,
5&?{ ~ 7 \‘
5 \ .
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Semilogarithmic plot of the disappearance of furosemide

- from serum of a male patient who received an intravenous

dose of 80 mg of furosemide (number 119.
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TABLE III.

Patientﬁ

10 #
11

12

13 -

14

16 N

mean
median

range

+

REANT MR D e £ 2 A

&

I T T

Pharmacokinetic disposition ¢of furosemide in ‘pulmonary edema patients

using the two compartment open model
. P

™

a=t1/2  B-ty,,

min min
17.9 816 -
35.4 ] 306
30.6 127
79.0 1190
29.4 554
28.4 290
25.2 414
25.8 203
15.1 145
46.4 265
35.4 344
)
33.5 423
29.4 306

15-79 127-1190

. - g2 T TR S M2 S 7 [
550t s IS

ky

j@r

2 LIP3

-1 hr_1

.58  0.210
6137 0.246
.340° 0.580
.257  0.090
.811 0.253
L477 0.241
.903  0.30
.600 0.760
.14 0.610
.260 0.270

.351 0.188

.650 0.340
477 ,0.253

$
.257- 0.09-
.58 0.760

'

b

kel vd
he b, L/
0.570 1.
0.640 O
0.760° 0
0.196 ©
0.415 0
0.866 O
0.540 0
0.420 0O
1.28 0
0.517 0.
0.749 0
0.632 0.
0.570 0.
0.196- 0
1.28 1.

ss
kg

67

.085

.238

. 317

.268

.853

.617

.368

.210

.292

. 355

LAT74

317

.085-
67

cl
s

vd
-area,

ml/min L/kg

139

30.61

173

20.92

27.50

295

89.6

73.27

129

128

72.6

2.

0.

0.

0.

0.

1.

0.

0.

0.

0.

0.

154
148
357
463
323
53

201
204
338
488

774

107.13°0.634

.89.6

20.92~-
173

0.

0.
2.

357

148—’

154

L/kg
0.199
0.031
0.150
0.082
0.058
0.278
0.156
. 0.205
0.073.
0.144

0.124

0.136

0.144

0.278

St i N b P e

0.137
0.148-

0.231

0.342
0.210

0.054-
1.47

_Og_
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TABLE IV. Pharmacokinetic disposition of furosemide in

’/
L3

[

Patient

NN

15

., mean.

median

range

1

pulmonary edema patients. using the one compart-

ment open model

VP

min )
273.6

138.5

145

192

292.8
210.6

192°

156~293

\

o~

)
3

beta
hr

o.\152%
0.300
0.26€°d
0.217
0.142

L]

0.225

0.217

0.142-0.300

cl
- 8
ml/min

85.49
122.1
212 }
92.6 |

26.16 \

107.6

‘ 92.6

26.6-122.,1

l

Vdarea
L/kg

0.512
‘6.467
0.701
0.352

0.199
09446

0.467

0.199-0.701
Ve

-
7
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was analyzed using 4 two compartment open kinetic model (Table III).
In the remaining 5 pat}ents, due to multiple doses of furosemide, it

/ : o
was difficult to analyze the data using a two compartment kinetic system.

For this reason, a one compartment open model was used (Table IV).

Model independent kinetic analyse? were used to compare the two groups

|
{

(Tables III and IV).

bl

. . (<]
Alpha or Distribution Half-Life of Furosemide

In the 11 patients analyzed by the }wo compartment open model,

there was a wide variation 1n alpha half-life which ranged from 15 to

79 minutes, median 29.4 minutes: There was no apparent difference in’
1/2 of either patients with or Wig;out myocardial i?farction,
different degrees of renal function, or the severity of pulmona;y‘edema.
Betahor Elimination Half-Life of Furosemide

the alpha t

4

There 'was wide variation in ehe B—tl/zlwhich ranged from 127 to 1190

i

, ¢ |
minutes, median 306 minutes. The B- tl/2 in the 5 patients analyzed by

the one compartment open model)repged from 138 to 293 minutes. - There
was no apparent difference in BLti/z of the two groups of patients.
The longest B—tl/z (1190 minutes) was obse?vee in a ‘patient with, renal
failure (patient #8 creatinine clearance 25 'ml/min).

The relatlonship between B~ “1/2 and creatinine clearance is shown
in Figure 7. Patients with poor rﬁPal function‘had a lenger B—tl/2 than

those who had better renal function. Creatinine cleatrance was measured
. 3
in the 24 hours of urine collection following the administration of

-

furosemide. There was an inverse correlation between:these parameters

13

= 12, 20)...There were no aPParent differences in 8- tl/Z

0

(p < 0.01, Fl 14

of either patients with+or without myocardial infarction or patients

-

with different severities of pulmonary edema.
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f i Volume of Distribution X ) N
i ' There was a wide variation '11{1 tﬁe volume of distribution (Vdarea)‘ ) i
} L whi:ch varied from 0.-148 to 2,154 L/kg (median 0.407 L/kg) for the
. 16 patients. No apparent differences were noted between che~ vqlume of ’
;’ #digtribution in paﬁients with either different degrees of renal function, '
;é; with or without myocardial infarctiom or differences in severity of
r p‘ulmonary edema.
5 ’ N Volumes of Central .011)_ and Peripheral (V,L\L Compartments « *
‘ Volume of the Central Compartment (V.) o i
\ ‘For the 11 patients ?alyzed’x’vith th%e\two compartment open mod&l . 4
N : ' \
the volume of the central compartment varied from 0.03 to 0.278—L/kg
. {(median O.lMlL/kg). There was no appatrent difference Between tehe#volume
oyf the central compartment in the pati%nté with different degrees of ‘ f
* renal function. There was a great interindividual variation in\the volume * ; T
; of the cer;trél compartment in patients with myocardial infarctio:gll and E 8
% this vo\luméi tended to be smaller in these patflents. In patients without ‘ |
g% myocardial infarction t,his volume tendec.i) to b largerﬁgd to show \less :
i variation. No‘significaut difference was found in the volume of the ’ }

s r

central. compartment in patients with or without myocardial infarction.
. ‘ » .

No apparent relationship was found in the volume of the central compart-

] .
) \‘k ment in these patients in relation to the severity of pulmolnary edema. '
H

2 ‘ Volume of the Peripheral Compartment (V22

X

L

SRR

8
The volume of the peripheral compartment for the 11 patients ana;Lyzed

7,

A_ﬂ_.‘
e

u; by the two compartment open model varied from 0.051{;K to i.&? L/kg' )
(median 0.21 L/kga). For all but two of the patients analyzed, the volume )

2: ) of the peripheral fg:omp‘axrt!;ent v;as f;>und to bejlarger than the central

" ‘ compartment. There was no apparent diffe;'ence in the volume of the , 4
t%;i , peripheral compartment in patients with different degrees off renal. fuscetdnl

g

\ \ .
¢
.
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In patients with myocardial infarction, the volume of the peripheral

compartment was always found to be larger than the volume of the w

a

central compartment. In patients without m ocardial infarction, the

volume of the peripheral compartment was found to be smaller than the
central compartment for two patilents, the same in one patiént‘, and

larger in two patients. No apparent difference was found in the volume

of the peripheral compartment in patients with different severities of

\
pulmonary edema.

13

_ Distribution Rate Constants k,,.and k. o
; 21 12

r2

Rate Constant for Drug Transfer from the Central to the Peripheral

Compartment (klz)

>

\
» The rate constant for drug transfer from the central to the

:

‘periéhefal compartment (klZ) varied from 0.257 to 1.58 hr--1 (median

0.477 hr-l). No apparent difference was found between:k , in patients

12

»

with different degrees of renal function.' The relationships between k12

and the excretion.of unéhaﬁged furosemide in urime, in patients with and
! 14

K ' By
without myocardial infarction, is presented in Table V. The rate constant

v 7

&

k., was 1a1:ger in patients with, than in those wfthout, myocardial N

12
infarction (p < 0.01, Mann-Whitney U test). Consequently patients with

myocardial infarctipn gxcreted less unchanged furosemimc’le in urilne 'than

2

. ) - )
those without myocardial infarction %uring the first alpha (distribution)

. half-life'(p < 0.01, Mann-Whitney U test).‘ ;Patier\lt #8 was omitted from

d \

this analysis because he had severely impaired renal function. I‘go

apparent difference was found in k12 in patients‘ with different severities'

?

of pulmonary edema. 5
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, » t TK‘BLE V. Rellationship between k " and furosemide excretion
o 0 ' ”
‘ ¢ . , \ during one alpha t in patients with and without
€ : 1/2
’ ' ] M.T. .
| ! , furosemide
- , excretion propor-
| v , .in one tion of k
, ¢ , Patient diagnosis dose of -¢ /9 . dose ex= 12
i No. furose- 1/2 interval creted
P ' L rr}ide . i -1
o mg min mg hr ‘
, 1 M.I. 60 " 17.8 6.10 0.102 1.58
¢ h}
! - 2 M.I. 20 35.4 - 1.78 ) 0.089 0.413
} 9  M.I. 200 29.% 1.95 0.097 0.811
i‘ : 10 . M.I. 80 28.4 6.57 0.082 0.477
3 ’ , . ) . ‘
: 11 M.I.. 80 25.2 . $.05 0.113 0.903
| 13 M.Te 40 15.6 1.39 0.034%  1.14
i ‘ | : ,
) 3 hyperten- 40 30.6 7.64  0.121 0.340
. sion | , .
¢ 12 C.A.D. 40 25.8 7.78 0.117 0.600
7 4 ‘
14 C.A.D. T 40 46.3 . "4.86 0.191 0.260
’ =
. 16 C.A.D. 40 © 35.4 4.68 , 0.194, 01.351
L i ﬁ /§\
» , “ .
\ 7,
Je <
s (‘f* N
’ 2 ’
‘s . ,'*\— ﬂ‘w“/,
/‘MQ
‘ \ \ A ,

e o e

“r oE
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Rate Constant for Drug Transfer from the Peripheral to the

Central Compartment 1_1221) .

For the 11 patients analyzed by the two compartment open model

kZl varied from 0.090 to 0.760 hr_l,»(median 0.253 hr—l). No apparent

difference was found in k21 in patients with different degrees of renal '

function, with or without myoc;ardﬂial infarction or ‘due to severity of ’

pulmonary edema.

Serum Clearance of Furosemide ;

* In the m analyzed, the serum clearance of furosemide ¥

5 . v
ranged from 20.9 to 295 mi/min (median 91.1 ml/min). The medn _serum

furosemide clearance was twice as great as the mean fenal furosemide
clearance. Although there was a large interindividual variation in serum

clearance among the patients with pulmonary edema, a significant relation-

ship between serum furosemide clearantce and creatinine clearance was
s Q' g
(

found in all these patients (p < 0.05 \Fl 15" 5.24). No apparent

o

difference was found in serum clearance of the patients with or without

t

r . ‘ \ v
‘myocardial infarctdon or patlents with different severities of pulmonary

LY

’

edema. ' / . ' ’

Renal Clearance of Furosemide ‘ ) i
\ - ' \ -

The renal furosc'amide clearance varied from 6.38 to 112.8 ml/min,

! ‘
median 46.%ml/min. There was a large interindividual variation in renal

.

furosémide clearance among the patients w.ith‘ pulmonar§ edema. , Thereforé\,
. s
if all patients are plaot:ted,L no significant relationship is found «

between renal furosemide dlearance and creatinine clearance. If patients

.ot ? ¢ ¥
numbers 1 and 9 are withdrawn, this relationship is then signifigcant

(p < 0.055, E&Hygﬁ.l‘) . No apparent difference was. found in the renal

furosemide clearance in patients with or without myocardial infarction.

w * .
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TABLE VI. Clearance of furosemide «in patients with pulmonary
/ edema ' .
i , :
g’ Patient. g Cly ﬁiﬁ;ﬁiﬁii . al /Cly
§ No. ml/min Tl/min ml/min S
f = 71) 139.0 100.6 .38.4 1.38
‘ 2 30.6 16.43 14.18 1.@% ,
v J !
3 173.0 112.8 60.2 1.%3
| 4 89.5 47.9 41.6 1.86
§ « 5 122.1 54.8 67.3 2.22
| 6 212.0 33.4 178.6 6.34 /
{ 7 92.6 66.6 26.0 1.39
% 8 20.9 6.38 14,5 3.28 ' v
| 9 27.5 15.4 12.1 \1‘.’79,‘a
L 10 295.0 132.7 163.0 2.22
{ 11 89.6 30.3 59.3 - 2.95
| 12 73.3 46.7 26.6 1.57
13, 129.0 27.1 101.9 4.75
14 128.,0 "76.6 51,4 167 ‘
15: 7y 26.2 17.6 8.60 1.50
16 f72.5 46.8 25.8 1.55
_ ‘mean 107.55 52.00 ' 55.59 2.36
median  91.6 ¢ 46.7. 40.0 1.82
. range %3.9-295 . 6.38-112.8 8.6-£}8 1.38%6.34 =
- o\
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-ﬁ: t
W { TABLE VII. Renal clearance of furosemide during the alpha
L\ \ . & /
and beta phase of furosemide disposition in
, ’ . patients with pulmonary edema ( h
MRS Y ——
: Patient | ' Renal clearance -
No. | of furosemide
. ; alpha; beta 3
\ [
. 1 ‘ 15.57 7.51 ¥
3
2 5.38 2.29 i
! ¥
o : H
\ 3 7.71 10.76 3
;o 4 4.30 3.18 i
- . i
@ 5 \ 4 8.03 ~3.63
i 1 /)l
6 | % 6,67 2.88
7 ' 6.64 . 5.53
¢ _ I
8 . . Bo %
.9 - 2.59 1.54 3
(S} - ! A j ! - 1
10 h 20.94 18.79 3
t i ' » ¢ - - §
, 11 7.25 2.98 b
& . .
12, | 8.0 3.91 : :
13 2.60 2.08 \
% 14 s 6.93 3.42
. , ‘ ’ ' .
15" ‘\ \ 1.22 . 1.28 b
: 16 m \\@ L b kg 3.98 ’
2 4 ' '
s 3 | \
K} ] < \
. \j' ’ *
* | : i t
‘ [ -
\‘ ¢ ( M
|
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Dose

- 60 -

Excretion of furosemide and metabolites in

. -t
urine for ¢4 hours after an intravenous dose

furosemide to pulmonary edema patients

10
©11
12
13
14
15

16

median

range

Al

60

20

40

+

160

80

80

120

40

20

80

80

60

60

40

80

40

Unchanged 7 of Comjugated 7 of %z of
Patient total furosemide dos® furosemide dose Acid,d?se
mg mg mg

33.50 55.83 16.0 26.66 0,06 0.13
~11.20 56.00 4.0 20 o.%f 2.05
22.40 ° 56.00 1.82 4.55 \0.37 1.22
89.00ﬁ% 55.62 64,26 40.45 1.28 1.05
35a86: 44.82 6.07 7.58 1.10 1.80
46.15 57.65 5.24 6.55 0.66 1.07
86.27 71.82 20.94 17.45 1.39 1.52
9.04 22.60 1.32 3.3 1.20 3.92
9.75 48.75 3.08 = 15.4 0.12 0.80

53.76 67.20 6.81 8.51 1.07 1.75-
25.0L - 31.26 7.10 §.78 1.72 2.81
44.03 ‘ 73.38 2.88 4.80 0.92 2.00
27.83 46.38 5.21 8.68 1.11 2.42
24,49 61.22, 6.24 15.6 0.70 2.30
54,02 67.52 10.23 12,78 1,80 2.95
25.01 £ 62,52 7.59 18.97 1.05 3.45
' "56.0 "10.78 T 1.88

~ ‘ .
22.6-73.4 3.3-40.4 0.13-3.92
. t

of

A

7 of dose excreted das'the acid metabolite‘was corrected for
) of

the changes in molecular weigh

.

’

from that of furoseﬁide (1.31)(\
t

I
(

-

~

o e - ™
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. The ratio between serum axd renal clearance of furosemide is
presented in Table VI, The highest rates were found in 3 patients with
severe pulmopary edema, patients numbers 6, 8, .and 13. In all but two

patients this ratio was found to be greater than 1.5,

Renal Clearance of Furosemide During the o and B Phases of Furosemide
»f‘ﬂ o

Disposition . .

4

Sequential urine samples were collected and analyzed for furosemide
and its métabolites after an lntravenous administration of the'drug.
The end of the dlpha phase was determined from a plot, on semilogarithmic

1

paper, of the serum concentrations of furosemide versus time. The end

during the beta phase‘for all the kinetic analyses. The renal clearance

j: of the alpha ﬁhése for each patient was estimated as the time when the
%n alpha phase croq::d the extrapolated beta phase of the turve. The urine
:@ collected and analyzed for furosemide and its metabolite content dufing ' .
A ‘ Y , v
- LY \
A this time was considered the urine excreted during the alpha phase for *
W ,
% all 'kinetic calculations. Urine excreted after the end of the alpha phase
§ until 24 hours after the furosemide dose was cbnsidered urine excrefed
f P Pt 4

of unchanged furosemide was found to be greater during the alpha bhése

than the beta phase of serum drug disposition for 13 of the 16 p&giént;.
: ®

3 This relationship 1s presented in Table VII.

Urinary Excretion of Furosemide and Its Métabolites b
N \

Excretion“of fuxosemide and its metabolites is presented in Table VIII.
' /

T3

. Urinary Excretion of Unchanged Furosemide
o !

The range of excretion of unchanged furosemide varied between 22.6

) and 73.4 percent of the administered dose, median 56 percent. The

percéétqgg of the dogse of furosemide excreted unchanged in urine, related

" ¢ .
& to creatinine’clearance, is illustrated in Figure 8. Since all p?gtients

¢

; ~ 4 ¢




, - 62 -
o ) - .
{ are included in the plot of this relationship, and since individual

variation in the excretion of furosemide in patients wiﬁh approximately

v the same creatinine clearance is large, no significant correlation was
found. The excretion of unchanged furosemide was found to be less in
. 9" , x

JﬁJ
patients with, than in .those without, myocardial infarction (p < 0.05s

Mann-Whitney U test). Patient number 8 was excluded from.this ahalysis§

because of his impaired renal function. No apparent difference was found ‘

3 < N
in the excretion ofaﬁﬁchangéﬁ furosemide and the severity of pulmonary edema.
\

-

Urinary Excretion of Furosemide Glucuronide

The excretion of furosemide glucuronide represented 3.3 to 40.4

1

percent of the administered dose, median 10.78 percent. The relationship .

: between the excretion of furosemide glucuronidé and creatinine clgaﬁance \\
v e \\ \ = \

| : is presented in Fig. 9. Patients with pqor renal function excreted

‘ more conjugated furosemide than patients with normal renal function as '

indipated by creatinine clearancqi There was an inverse relationship
g

i
\ ’

between the exéretion of furosemide glucuronide and creatinine clearance
\ ) '

1
(p < 0,05, F = 7.97). Two patients were excluded from this analysis, °
\ .

1,12 ) i

; one of them due to multiple dpsesuof furosemide (patient 4), the other

| ' h ;

one because of impaired renal function (patient 8). There was no apparent
b

reldtionship between the excretion of furosemide glucuronide in pafients

¥

t “
with or without myocardial infarction or with different severities of |
1mo Jd | 4 ) (
pulmonary edema. . ) S .
& '

Analysis of the percent of, the dose of furosemide conjugated with

i

glucuronic acid, versus dose, is presented in Figure 10. No dose '

°
~

¢ : ~
dependent relationship for the formation and excretion of furosemide

>
glucuronide was observed in these patients.” The mean proportion of %

furosemide conjugated wifh glucuronic acid was similar for all doses but

o ¢ ’

\ y ! |
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. ' . Figure 9. Relationship-between the urinary excretion of furosemide

N ' \Y glucurohide and creatinine clearance in patients with

. pulmonary edema. .
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Figure 10. Relationship between the dose of furosemide and the

.

proportion execreted in urine as the glucuronide

conjugate.

L
- - . —y - -
- Cd
.
. . —
. . _ R
B
- . -
N -
~ -
. -
’ - - -
. -
.
~
* ~ -

)

s

:;
f;
;\r |
7 | |
\ ":j_—
)

i

v
o e gta

(R

.
o I g,

(ROR



: 08 09 O 0z \
O-w— Om# - 1 v .V T o o -
<0
, . . O n
{ -
T g ° - S. .
s . >
: =
7 - ) “ I OF G 2 [}
| , =
® ) . L %
- - @ [ ) m._u -

- — o . . n m
® 410 O
) m
) i
s
° - A
—

p v

o {oe 9 .
(4]
(4]
p.3
1 (@]
) @
=l

\ ) 1
° T . doy
) s e’ .\t!h.‘wi.ytxhl.vrezr = P v - 'ﬂrr .




i‘: AY
% - 66 - ’ T L
:
' { was highly variable between patients receiving the same dose. . ’
% T A i
Urinary Bxcretion of the Acid Metabolite of Furosemide !
Excretion of the acid metabolite of furosemide ranged from 0.13 to
¢ ) X
Q . 3.92 percent of the administered dose (median 1.88 percent). The K
? . relationship between excretion of the acid metabolite and creatinine ;
: ‘ clearance is presented in Figure 11. Patients with poor renal function :
| :
excreted more acid metabolite than patients with normal renal function
- } as indicated by creatinine clearance. There was an inverse relationshipﬂfw

between excretion of the acid metabolite of furosemide and creatinine
i { Iy

. - g
clearance (p < 0.05, Fl u - 6.43). No apparent relationship was found
’ ‘

between excretion of the acld metabolite 1n patients with or without =

myocardial infarction or in patients with different severities of pulmonary

edema.

s/

Relationship between the Pharmacodynamics and Pharmacokinetics of

“r ,NWW*,Q'&\» TEORR Sphandreres 2 o~
-

i ’ Furosemide Disposition

\
|

¢

The 24 hour urine volume' and excretion of electrolytes after an s
intravenous dose of furosemide are presented in Table IX. Excretion of

~ electiolytes in some patiehts was similar to the values reported as normal .

\ ) .
/7or 24 hour urine, but lower in other patients who were chronically i1l . :
with restricted intake of water and salt.

Urine Osmolality ’

e

| ' - x
The urinary osmoiality during the alpha and beta phases of serum

furosemide disposition are presented in Table X. The lowest ommolality

was found during the alpha phase for all patients. No apparent difference ‘
l |

was found in urinary osmelality in patients with either different degrees

. of renal function, with or without myocardial infarction, or with different

severities of pulmonary edema. . "
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Figure 11. Relationship between the urinary excretion 'of the N 5
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acid metabolite of furosemide and creatinine clearance. .
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TABLE IX." Total urine volume and electrolyte excretion’
K for 24 hours‘in ;ﬁlmonary edema patients given
! intravenous furosémide 1 ,
' ' .
Urine f ' ‘
Patient  volume ' Nat Kt c1” mg Tt catt
ml ﬂ mEq mEq mEq mg ‘mg
1’ 1170 163° 37 T112 242, 59
2 2411 236 105 208 436 152 ,
: , ) ;
3 p%78 167 50 201 65 100 ;
L4 ‘3270 246 98 309 292 265 i
5 2680 325 1146 344 268 78 é
6 , 6390 568 69 643 183 231 ‘ §
7 " 2340 217 31 248 139 90
8{ 2060 151 60 138 113 130
9 30 106 103 72 ;
10 70 250 168 113
11 62 74 22 21
12 4b 234" 58 59 ‘
13 4290 166 108 341 155 308
14 5070 248 118 466 144 232
15 2385 170 83 258 144 157 3
16 . 1260 50 48 88 52 57 |



‘t TABLE X. Urine flolality during furosemide disposition -

in pulmonary edema patients

Time of

- . minimum . ?
‘ Patient osmolality Alpha Phase Beta Phase
T No. min median range median / range %
1 20-40 305 250 460 478 400 525 §
2 20-40 250 166 320 290 . 275 305 :
“ 3 60-80 300 280 345 315 310 320"
h 4 v 40-60 325 260 445 390 380 424 .
5 0-80 324 279 375 . 376 345 538
6 . 20-40 212 166 474 800 290~ 320
: -7 60-80 "285 269 300 325 320 395 ,
» r 8 o 440 385 506 i
o 40-60 255 200 309 600 435 760
, 10 60-80 300 225 460, 421 400" 497
11 -~ 30-60 327 285 420 475 | 360 525 .
/ 12 20-40 290 ' 279 375 325 310 385 g
: ¢ 13 30-50 325 231 365 380 370« 410
14 50-70 300 280 410 379 345 425
\ 15 30-60 280 200 360 345 310 420
n . 16 30460 317 280 345 425 425 440

é
i
!
i
?
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t Urinary Furosemide Excretion and Effect on Renal Function

. . £ '
Ratios of renal sodium to furosemide tlearance during the alpha

'

-

and the beta phases of furosemide disposition are presented in Table XI.
If the action of furosemide was constant through the alpha'an beta
phases, one would expect thét the ratio between clearance of sodium to

clearance of furosemide would be similar in the two phases. However,

this ratio is greater in the alpha phase than in the beta phase, consistent

with the clinical observation that the diuretic effect of furosemide is

\
'

largely over by the end of the alpha phase. However, clearancé of furosemide ;

~r R e R et

by the kidney is still continuing during the beta phase of the serum

HermRy AR n

furosemide over time curve. ,Since drug effect is said to be related to

‘its concentration at the site of action, a comparison between the excretion

.

v of sodium, chloride and urine volume, and the excretion of.f semide ’

was made., A plot of 3 representative patients is shown igypres 12, 13

and 14, where the excretion of sodium chloride and urine volume 1s compared

/ 1

T et s b B MR AR S R -
e
\

) to furosemide excretion from sequential urine samples. For each patient

PCI

' [+ ] B
a positive and linear relationship was found. Tables XI{, XIII and XIV

' present correlation analyses for these'relationships. —They\were’significant
for all patients. Therefore the excretion of urine volume, sodium and s

f v /
chloride increase linearly with the excretion of furosemide. )

-

v , ) Effect of Furosemide on the Excretion of Other Electrolytes
A comparison between the excretlon of calcium and the excretion of

furosemide is presented in Table XV. This correlation was found to be

. linear for }4 of the 16 patlents. No correlation was found between the
excretion of potassium or magnesium and the excretion of furosemide for

any of the patients.
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{ . TABLE XI. Renal

the alpha and

ta phase of furosemide disposition

.in pulmonary edema patients

0

' . Renal clearan@e Rénal clearance Clearance ratios

Patient of sodium \ of furosemide sodium/furosemide
No. alpha  beta alpha beta alpha beta ]
1 7.43 0.92 15.57 ", 7.51"° 0.47 0.12 'g
2 8.13 0.63 5.38 2.29 1.51 °© 0.27 g
3 7,35 3.87 7.71 10.76 0.95 0.36 ;
| 4 3.09 1.13  4.30 3.18 0.72 © . 0.35
" 5 5.92 1.50  8.03 3.63 0.73 0.41 ;
| 6 4,36 D256 4.67 2.88 0.93 0.88 g
: 7 5.35 3.86  6.64 5.53 0.81 0.70 F
8 - 1.03 - - 301 - 0.34 :
9 L 1.76 0.29 2.59 1.54 0.68 0.19 é
" 10 10.31 0.39 20.94 | 18.79 0.49 0.02 ‘
11 4.89 0.14 7.25 " 298 0.7 0.05 |

12 5.30 1,42 8.0 3.91  0.66 0.36

.13 5.15 0.89 2.60 2.08 1.98 0.40

14 9.32 1.38  6.93 3.42 1.34 0.35
15 o 3.41 0 1.68 1.22 " 71.28  2.80 ©1.31 ,
16 2.00 0.89 4.44 , 3.98 0.45 - - 0.22 %
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Figure 12.

Relationship between the urinary excretion of sodium

and furgsemide in three representative patients with

acute pulmonary"\edema (numbers 3@, 4 @ and 7).
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Figure 14.’ Relationship between urinary volume and furosemide

B

—

excretion rate in three representative patients with

F

acute pulmonary edema (numbers 3@, 4@ and 7.\).
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TABLE XII.

]

.
- 75 <

v

to furosemide excretion gate

Patient Slope
1 3.77
2 21.85
3 ? 08
4 3.18
5 7.49
6 0.048
7 2.55
8 | 14,67
9 \§403

10 6.99
11 3.24
12 1 4.09
13 9.73
14 8.37
;5 4.17
16 2.09

-

_Regression analysis for sodium excretion rate

Intercept b p*
0.02 0.94 <0.01
0.09 0.91 <0.01
0.03 0.99 — <0.01
0.02 0.94 <0.01
~0.08 | 0.9§ <0,01
0.44 0.90 '<0.61
0.01 0.99 <0.,01
0.02 0.96 <0.01
~0.04 0.92 ~<0.05
014 0.88 <0.05
~0.02 0.99 <0.01
0.01 0.97 ~<0.01 ‘
~o.04f 0.93 <0.01
0.03 0.98 0.0
0.03 | 0.90 <0.01
-0.01 0.99 <0.01
{
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4

(, oo " TABLE XIII. Reg%Fssion analysis for chXoride excretion
. l ‘

rate to furosemide excretion rate
i

Patient | Slope I;tercept r §
1 2.85 ‘ 0.03 0.91 <0. 4
{ - ‘ 2 23.25  -0.11 0.96 <0. .‘g
| 3 16.33 0.00 0.99 <0.01 é
4 4.20 0.01 0.97 <0.01 ’§
[ 5 6.35 0.01 . 0.99, <0.01 / i
L C - ’ 6 2.57  0.01 0.90  <0.01 " h i
. 7 L 244 0.03 0.97 <0.01 i
; o 8 '16.33 0.01 099 <0.01 ,é
F 9 9.24 ©-0.07 0.91° <0.05 §
‘ 10 6.75 -0.07 0.88 <0.05 ;
1 3.00  0.00 0.99 <0401 f ~
! 12 3.77 . 0.08 0.94 <0.01 f
| 13 12.89 0.00 0.98 <0.01 ‘
-t 1% 15.21 «  0.09 0.94, <0.01 ,
/ 15 4.39 -0.02 0.88 <0.05
h 16 4.14 -0.03 0.99 <0.01

*Analysis of variance . ,
& .

2

I
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) \¢, . TABLE |[XIV. Regression énalysis for excretion rate of ur -

o

.ine volumeand furosemide excretion rate

.-

&
A Pati§ﬁt wSlépe ., Intercept r P*
1 C27.36 0.126 0.97 <0.01
. 2 168;02 -0.53 0.92' <0.01
3 845 'o.og' 0.99 <0.01
’ B 4 47.31 0.19 0.91 <0.01
5 48.34  0.21 1 0.99 <0.01
6 97.7 1.23 0.90 <001
7 24.66 0.66 0.90 <0\ 01
8 129.56 0.01 T <0.01
v 9 75.50 0.07 0.92 ©<0.05 -
- .- 1.0 ’ 67.40 -1.11 s 0.50 <0.05
11 27.12 1.02. 0.95 '<0.01
1 39.59 1.04 0.96 <0.01
- 17 155,67 -0.47 0.98 <0.01
f 14 140.86 1.36 0.96 <0.01 ¢
: 1 4 15 39.81 1.22 0.90  <0.01
‘.é ‘ 16 . 3091 0.33 0.93 - <Q.01
§ - \ ] - |
g ' *Analysis of variance
b
g \
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calcium and the excretion rate of furosemide

TABLE XV.
-
Patient Slope
1 0.93
2 4.18
31 4,94
4 2.93
5 3.31
6 0.93
7 0.88
8 : 12.43
9 " 10.43
10 6.79
- 11 2.44
12 | 0.42
i3 0.82
14 EERTE
+ 15 9.69l
16 .11

§
’

*Analysis of variance

- 78 -

Intercept

0.04
0.00
0.00

-0.04

-0.04

~0.04

0.01

0.02

-0.02
9.15‘

0.02

~

0.90

0.99

0.98

0.95

0.99

0.80

0.80

0.99
0.94

0.92

0.98

0.88

0.97

Regression analysis for excretion rate of

P*

<0.01
<0.01
<0.01

<0.01

<0.
“5o0.
>0.
<0.
<0.
<0,
<0.
<0,
<0.
<0.
<0.

<0,

01
05

05

01

05

05

01

05

01

01

05

01
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i
( TABLE XVI. C(Correlation analyses é, determine the relationship

between furosemide and {sodium disposition in

~ ! .

( . R \ .
- pulmonary edema patient )

° < 'y
| :
Patient “Cly,/Cly p* ‘ Cly,/Csy P* Echa/ExéF | P* g
No. ro r . r ) %
1 0.77 50.05  0.84 50.05 | 0.94'  <0.01 :
i
2 0.53 >0.05 nq.98 <0.01 0.91  <0.01
3 0.47  »0.05 . 0.78  >0.05 0.99 ' <0.01 ‘
4 0.54 >0.05 0.72  >0.05 0.94 <0.01 l
s 0.80  >0.05 0.97  <0.01 0,98 <0.01
‘ 6  0.80  >0.05 0.42  >0.05 0.90  <0.01 z
T 7 0.82  »0.05 0.48  >0.05 0.99 . <0.01
' 8 0.75  50.05°  0.90  <0.01 0.96 <0.01
9 0.87 >0.05 0,99 <0.01 | 0?42 <0.05
v “ 10 0.66 >0.05 0.57  >0.05  0.88 <0.05 .
‘ 11 0.81  »0.05 0.96  <0.01 0.99 <0.01
12 6.49 >0.05 0.95" <0.01 o 0.97 <0.01
; o 13 0.29 0.05  0.98  <0.01 0.93 ‘<o.ql
L 14 0.50  >0.05' 0.84  >0.05 0.98  <0.01 %
§ j {5 ‘ 0.70 ~ >0.05 * 0.11 >0.05 0.90 <0.01 %
‘ 16 0,72 >0.05  0.99  <0.01 0.99  <0.01 -
‘ :
;
H

* Analysis of variapce ’ ' :

AL AT

\
b A ety A
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TABLE XVII.

\

Patient

14

15

16

~ 80 -

- — Y ————

3

Correlation analyses to detérmine the relation-

ship between furosegmid

in pulmonary

ClCl/Cl§¢ p*

r .
.68 >0.05
.87 >0.05
.51 >0.05
47 >0.05
.99 <0.01
.84 >0.05
.87 <0.05
.59 ~0.05
.81 >0.05
.58 >0.05

0.40 >0.05
.26 >0.05
.45 >0.05

, 0.33 \>0.05
.78 >0.05
.35 >0.0;T

*Analysis of variance

0.76

0.66

0.98

0.69

0.43

0.99

C )

>0.05
<0.01
>0.05
>0.05
<0.01
>0.05
: >0.05
<0.01

<0.01

>0,05

<«0.01
<0.05

0,05
>0.05
>0.05

<0.01

3

Ex

and chloride disposition

¥

‘

coy/Exep P*
r

\0.91" <0.01
0.96  <0.01
0.99 <0.01
0.97 <0.01
0.99 <0.01
0.90 <0l01
0.97" <0.01
0.99  <0.01
0.91. <0.,05
0.88 <0.05,

»0.99 <0.01
0.94 <0.01
0.98 , <0.01
0.94{ <0.01
0.88 <0.05
0.99

<0.01
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Disposition of Furosemidée and Its Pharmacological Effect

An attempt to determine the most satisfactory relationship
between the disposition of furosemide and its pharmacological effect
on the repal excretion of salt anglwate% in these patients is presented
in Tables XVL and XVII. Table XVI presents a comparison of the correlation
of the renal clearance of sodium to the renal cle&rance of furosemide,
the renal clearancé of sodium to serum concentration of fu;osemide, and
.the excretion of sodiém to the excretion of furosemide. Comparison of
renal clearance of sodium to the renal clearance of furosemide resul;ed~'
in an unsatisfaciory explanation for the pharmacological effect of the
drug,'sindé a, poor correlation was éound for all patients analyged.
The renal cleayagée of sodium was compared to the serum concentration of
furosem}de on the basis that the pharmécologicdl effect migﬁt be related
to the serum furosemide concentration. This relgtionship,producedba

r ]

better correlation than that observed between the renal clearance of
. . , .
sodium and the renal clearance of furosemide. However, it was still less

.

than satisfactory for 8 of tﬁe 16 patients. The plasma coﬁcentration

of furosemide did\not have a consistent relationship with the diuretic
response. Finally, a comparison ﬁetweenithe urinary excretion of sodium
%nd the urinary excretion of furosemide Eorrelated most satisfactorily
with furosemide disposition and its diuretic effect. .This comparison was
found to be satiéfacﬁory for all 16 patiénts. Table XVII presents the
correlation analyses betwden. clearance of chloride and ciéarance of

,” clearance of chloride and plasma concentration of furosemide

was ekamined on the basis that the pharmacological effect of furosemide

is exerted on the loop of Henleby inhibiting chloride,reabsérption. The
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¢

best relationship was found between chloride and furosemide excretion

( e
in urine. This'comparison‘resulted in a similar relationship to that ,‘f

.

3

“found qu sodium and furosemide.
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" external standard. The use of an external standard does not allow

internal standard compensates for extraction errors since it is added

-determination of furosemide has a detection limit of from 0,2 to

DISCUSSION -

Analysis for Furosemide and its Metabolites

The gas chromatographic method used for Qetermination of furosemide

and its acid metabolite is a modification of the method used by -

4
Lindstrdm and Molander (1974). The major change involves the use of

benzbromarone as the internal standard. The method used by Lindstr8m

and Molander incorporated the triethyl analogue of furosemide as an

for compensation in.etrors due to extraction since this external

standard is added after the extraction. The use of benzbromarone as an s

3

to the blasma or urine sample and is extracted with furosemide and .,

its- metabolites ;t'thé~same time. The acid metabolite of furosemide
is also extracted by thig method.1 This modified method has described
for the first time, the extraction and chromatographic characteristics
of the acid metabolite of furosemide.,

1

‘This modified method for determination of furosemide is more
specific and sensitive than the fluorometric method., The spectrophoto-
fluorometric method reported by Haussler and Hadju (1964), and used

by Kelly et al (1973) and Anderson and Mikkelsen (1977) for the

0.5 mg/L. Due to fluorescent and quenching substances in urine this

assay is less precise for urinary determinations. The gas chromato-

graphic method is specific, sensitive and linear from 0.05 to 64 mg/L
for furogsemide and from 0.1 to 32 mg!L for the acid metabolite, The

amount of furosemide found in‘samples from these patients did not

- 83 -
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exceed these limits.

4 . /

Relationship Between the Amount of Furosemide Glucuronide Found in

Urine and Time of Urine Incubation !

\
The presence of a metabolite of furosemide, possibly a glucuronide

conjugate was reported by Kindt and Schmid (1970), Beermann et al (1975)°

and Andreasen and Mikkelsen (1977) after treatment of urine samples
with.B-glucuronidase for differknt periods of time,

The present experiment demonstrates that urine must be incubated
for at least 16 hqu}s’in ééder to hydrolyze all the glucuronide
conjugated wfth furosemide and at the same time this hydrolysis can

}be prevented wfth the use of glucurogélactone, a specific inhibitor of
B-glucuronidase. \This is confirmed from incubation studies on the
samples treated with glucuronolactone and R-glucuronidase, that showed
no differences from control samples for furosemide content. Samples '
treated with S—glpcuronidase alone showed a marked increase in the
amount of furosemide with time. Therefore, the control experimeft
offers more direct evidence,for the presenée in urine of a glucuronide
mgtaéolite of furosemide than has been reporteé previously.

u

Patient Population

Demographic Data

P

The patient population studied is heteroge&eous in that there are
patients with different degrees(of renal function and with or without
myocardial infarction. Interpatient comparisons were done in order.to
d;termine whether renai/impairment and myocardial infatction coudd
altgr the pharm;cokinefic disposition and pharmacodynamig effect of

furosemide in patients with pulmonary edema.
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Kinetic Disposition of Furosemide

!

Iﬁ the present study, following an intrave&bus dose of furosemide
in pulmonary edema patients, there was biexponeﬁtial decay in serum
furosgmide éqncentration over time, A measurable quantity of furosemide
was deteFtéd 24 houré after a single dose in these patients. Therefore
the use of a two compa;tment open system model to determine the pharma—,
cokinetic disposition of fuposgmide was used where po;sible. _

Tﬁe use of a ;ne compartment oéén kinetic model for the analysesu
of five of these patients was justified on the basis that these patients
received more than one dose of furosemide over a short period of time.
It was difficult to do a precise estimation‘of the algpa half-1ife, but
it was, possible to-determine when the aipha phase was finished and

o

then to analyze the Bbhalf—life from the terminal phase .0of the concentra-

tion versus time phase. The use of a one compartmen’y kinetic model to °

determine phérm@cokinetic parameters for furosemide has been used by

L

others (Cutler et al 1974; Beermann et al 1977, Aranda et al 1978).

1S
The use of model independent kinetic analyses to calculate Vda

rea’

Cls~and ClR allowed for a comparison between all of the patients

analyzed.

’

T ST ootk

. N
Alpha or Distribution Half-Life

Y

T . ) .
Calesnick et al (1966) used furosemide—3ss and a two compartment

)

open model in normal subjects. They reported the alpha or distribution

SIPTURPy IS

\' .
half-1ife of furosemide to be 7 minutes. Andreasen et al (1977), '
using a two compartment open model for pharmacokinetic analysis of
furogsemide in normal subjects and in Ratients with heart faiiﬁre,

reported- the alpha or distribution half-life to be 9.5 an§ 18.9 minutes g

[

1 -




ey W R e

Rl R ST

v -
2

e

™

- g

o

I

~
* a three compartment open model to describe the disposition of
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i .
respectively. The alpha or distribution half-life of furosemide in

patients with pulmonary edema varied from 15 to 79 minutes., The )
shortest alpha half-life in these patients was found to be twice

as long as the mean value described for normal subjects (Calesnick

- et al 1966, Andreasen et al 1977). The median alpha half-life in

patients with pulmonary ‘edema was found to be 1.5 times greater than
the mean alpha half—%ife reported in patients with cardiac decompensa-
tion w‘ho were receiving chronic furosemide therapy (Andre_aasen et al
1977). The difference could be explained by the fact that none of
. )

the patients investigat.ed by Andreaser} et al had myocardial infarctioraI
or pulmonary edema. The alpha phase of drug disposition represents
its distribuft}on throughoug the organism. It is well documented
(Guyton 1976, ﬁarrison 1977 ,Robbins 1977) that ;hen\ pulmonary

;adema is present secondary to heart failure, it is due to failure of
the left ventricle which 1os§s its efficiency as a pump.' Therefo;‘e
'cardiac output is considerably decreased., In'that case one would
expect that distribution of drug through the bodyN would take longer.
Therefore the alpha half-life would be longer.

Beta or Elimination Half-Life of Furosemide

'

Calesnick et al (1966) using furosemide —358 and a two compartment

%

open kinetic model in normal- subjects reported the beta or elimination

half-1ife of furosemide to be 70 minutes. ‘Rupp and Zapf (1973) used

/

furosemide-BSS. They reported apgafent Half-lives of 11, 33, and

| F ,
148 minutes respectively for these compartments after an intravenous

dose. Cutler et al (1974) used a one compartment model to determine

r

O VT ¥
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furosemide disposition after an intravenous dose, The mean half-life

of furosemide was reported to be 29.5 minutes in healthy subjects.

They followed the plasma concentration of furosemide for only 6 hours.
N 1

. These discrepancies might be explainéd by technical differences in drug

e

t

t

analysis. Rupp and Zapf based their data on plasma concentrations of

radiocactivity, and their lower limit of detection was 5 ng attributed
to furosemide, Cutler et al (1974) used a fluorometric assay sensitive
to 0.5 yg/ml changés in serum furosemide concentration. They calculated

a half-life from several serum concentrations less than 1 pg/ml. Huang
- - i

et al (1974), using a two compartment open model for pharmacokinetic

’

analyses in patients with advanced renal failure, reported that the beta’

half-life of furosemide varied between 3.6 and 20 hours. Cutler et al

‘ €1974) reported beta half-lives of furosemide less than 2 hours for anephric

patients in their study. The reason for these contradictory results

v >

might be that Cutler et al followed the plasn;a concentration of furo-
sé.m\ide for only 6 hours. Beermann et al- (1975), using furosemide—BSS
and a two compartment open system model for pharmacokinetic analysis
in normal subjects, reported that the beta half-1ife of furosemide
was 47 to 53 minutes. Beermann et al (1977) used a gas chromato-
graphic methsod for analysis of furosemide and‘ a two compartment open
model for pharmacokinetic analysis in normal su:ojects and in patients .
with renal failure. They 'reported the beta half-life of furosemide
to be from 29.4 to 72 minutes in normal subjects and from 1.15
to'24.58 hours in patients with renal failure. Andreasen et al
(1977), using a two compartment model for pharmacokiﬁetic analysis

N
of furosemlde In normal subjects and in patieants with heart

t

fallure, reported the beta or elimination half-life of furcsemide

1
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to be .71.8 and 134.1 minutes respectively.

A .

In the present study th;rE was a wide; variation in the beta
half-life of furosemide that ranged from 127 to 1190 mindtes, median
283 minutes. The lonéest beta half-life (1190 minuted) found in
patient 8, can be explained on the basis of his renal impairment.
(creatinine clearance 25 ml/mirrx). Similar beta half-lives of _-
furosemide have been reported in patients with re?alyfailure (Huang
g_t_gi 1974, Beermann et al 1977). The: beta or elimination half-life
of furos;emide in patients with pﬁlmonary edema was found to be longer
thanl that for normal subjects rep‘orted previously by Calesnick et al

(1966) , Beermann et al (1975) and Andreasen et al (1977). The median

)
beta half-life of furosemide in patients with pulmonary edema was
s B \ - “

4

found to be 2.1 times longer than the mean beta half-life of furbsemide
reported by Andreasen et al in ga\tient@ with cardiac decompensation
receiving chronic furosemide therapy. The difference can be explained
by the fact that, in patients with pulmonary edema, left ventricular
faillure is greater.r Also Andreasen et al (1977) followed plasma
concentration;s of furosemide for 8§ hours using a fluorometric method.
Benet 9_1t_:_ gi (1976), uaing\a' fluorometric assay, reported the elimination
hdlf-life of furosemide was 76 minutes in patients with cbngestive
heart failux:e’. These data are completely different to previous
reports. Data from the present study suggest that the alpha and the
beta half-lives of furosemide are prolonged in patients with pulmonary
edema, ’ ’ | ’

\

Volume of Distribution

vd _ . .
area

The volume of distribution (Vda'r ea) in pulmonary edema patilents
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x - - (median 0‘.407 L/kg), was greater than that reported for patients with
cardiac decompensation who were receiving chronic furosemide therapy
(mean ‘O.‘28 L/kg, Andreasen et al i977). This discrfepancy might be
explained by the use of 4 fluorometric method to determine furosemide
1 concentrations in plasma or it may in fact be due to the difference
in disease state. The highest apparent volume of dist;ibution was
found in two patients with myocardial infarctio‘n, patient numbers
1 and 10. This could not be explained by any physiological reason.
¢ It might be expected tha&withr myocardial infarction, cardiac output
~woul‘d have been’reduced and thereby reduced the apparent volume of

* distribution. The fact that Vdss also had a tendency to be greater

in patients with myocardial infarction could not be explained for the

i
i
I P
‘ E same reasons described above.
|
{

\ Volume of the Central (Vl) and Peripheral (VZ) Compartments

~

The volume of the céntral compartment, median &.144 L/kg, was

. ‘found to be similar to that described in patients vith renal or

- heart failure (0.117 L/kg, Huang et al 1974 and 0.100 L/‘kg Andreasen
et é_l_ 1977). From data of Huang et al (1974) the volume of the
central compartment was almost alwa);s smaller than the peripheral,

-
5

i compartment. From data of Andreasen et al, the volume of the central
¢ ‘ \ | ‘ /
' compartment was similar to the volume of the peripheral compartment.

\ However, Benet et al (1976) reported a larger volume of the central

compartment in his patients with heart failure. They proposed that

there was almost no distribution td the peripheral compartment. The

v

increase in apparent volume of distributionm, Vdar OT. ‘Vdas for

furosemide in patients with pulmonary edema and myocardial infarction

e

(
T P g
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| \ . »
: was not due to expansion of the central compartment.

-

Volume of the Peripheral Cogxpartment.(vzl

The volume of the peripheral compartment in pulmonary edema
) -
; patients, median 0.21 L/kg, was larger than the mean, 0.09 Likg,

reported previéusly @Andreasen et al 1977) and was fo:md to be similar 4,

. to that (mean 0.198 L/kg) reported by Huang et al (1974), In 8 of
{, ’ \ the 11 pulmonary edema pltients analyzed by the two compartment open

model system, the volume of the pex;g.pheral compartment was found to
8

o
e =

be larger than the central compartment. This would support the inter- .

p'retation that furosemide is distributed into the peripheral compartment

and contradicts the findings of Beﬁet et 41 (1976) . 'ghis difference

¥ - - —

' might be due to the difference in disease state in these two studies. .

3 i

Distribution of Furosemide Between- the Central and Peripheral® ‘

Compartments . |

The rate constant k12 (median 0.477hr-l) in pulmonary edema

patients was gsmaller than that (mean 0.924hr—(1) reported by Andreasen

T e Hoy s SR R MR RARRT 31 Ao A e

- . et al (1977) and (mean of 2.91 hr_l) Lawrence et al (1978) in normal

subjects. It was found to be similar to that ‘(me'an 0.452hr“1) reported oot

RN

in patdients with héart failure (Andreasen et al 1977) and lower than : »

; that (mean 0.603hr-l) reported in patients with renal failure (Huang

A

et al 1973). Comparison of data in pulmonary edema patients with Jhat 5
from other investigators. in normal subjects indicates that the rate of ]
transfer from the central to the peripheral compartment is decreased

in patients with pulmonary, edema.

The rate constant k12

o -
infarction than in those without infarction. This is supported by the

was larger in patients with myocardial

F L P S INE LT N
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fact that in patients with myocardial infarction the volume of the —

peripheral compartment was found to be larger and these patients

excreted less umﬁhanged furosemide in t;rine during the first alpha

. phase and for 24 hours after the dose. This is consistent with the
‘possibility that furosemide is not e:;creted from the p'enz'ipheralla
compartment and that increased metabolism may be assoclated with : g
distribution into it. | This interpretation is supported by the finding :
that there is little distribution of furosemide to a per-iphefal ' ;
compartment in normal subjects, and they excreted most ofw( é\aose )
unchanged in }n'ine (Calesnick et al 1966, Beermann g_t__a_l""’l975:)\.

Rate Constant for Drug Transfer from the Peripheral to the Central

Compartment <k21~)—

The rate constant k21 (median 0.253hr—1) was found to be smaller

Mo kel

: than that described in normal subjects (mean 3.2hr—l) by A;ndreasen

et al 1977 and (mean 4.67hr—l) Lawrence et al 1978, In patients with

T pulmonary edema k?.l was found to be smaller than that (mean 3.‘95hr_l)

-

t .reported in patients with heart failure (Andreaseh et al 1977). It .

was also smaller than that (mean 0.333hr-l) repor ted ixi patients with

: 4
.

renal failure by Huang et al (1974). '

o

, Comparison of the rate constant' of drug transfer from the peripheral

to the central compartment (k21) with data from other investigators in Cd

e
Y

normal subjects suggests that rate of drug transfer from the peripheral.

RIES

to the central compartment is decreased in' patients with pulmonary edema.

Relationship Between k., and k2 in Patients with Pulmonary Edems
14 1 -

1
Data from the ;;resent"study suggest that in patients with pulmonary

3 () edema the transfer of drug from the central to the peripheral 'and from
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the peripheral to the central compartment 1s lower than has been

reported previously for normal subjects. This is expected in patients

with pulmonary edema who would have a lower cardiac output and reduced

2

tissue perfugion. It would be expected3 to take longer to distribute

4

¥

TEN I BB TE S SRR e

the dose throughout the body. The fact that k12 was found to be

larger in patients with myocardial infarction and pulmonary edema

]

than in patients without myocardial igfarction would not be explained

.

'by any physiological reason. Since it may be expected that in 1

B3
~ -

patients with myocardial infarction and pulmonary edema cardiac output

N e el 2 .

would have been reduced, this might have reduced the transfer of 'drug
/ from the central to the periphe\ral compartment, It appears that

even "in this state, furosemide is rapidly distributed into the
peripheral compartment.

Serum Furosemide Clearance |
]

v

- T -~
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. . ¢
The median serum clearance of furosemide (91.6 ml/min) in pulmonary °

edema patients was smaller than the mean values reported for normal

B T T

subjer:ts by Kelly et al (138 ml/min; 1974), Beermann et al (\194 ml/min;
1977) and Andreaﬂsen et al (166 ml/min; 1977, and 219 ml/min; 1978).

The median serum clearance of furosemide in patients with pulmonaryw
edema was smaller than or approximately the same (means 83.5 and

126.5 ml/min) as thatﬂ reported in a series of patients with heart

failure by Andreasen et al (1977). The finding of Tower serum clearance
E*_ in patients with pulmonary edema than in normal ;ubjects can be( expl.ai\nedu
\ by hemodynamic changes expected ii('m patients with -severe heart’faillure,

B in which tissue perfusion is reduced and therefore the time to clear ,

the body of drug would be increased.

)
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‘ . A ~good correlation was found bmen gerum clearance of furogemide
| and cre_at’inine\~ clearance. among the pa,tiélnts with pulmonary edema. The
\ | substantial interindividual variation suggests that it is not possible
: . to predict serum clearance of furosemide for a glven value of creatinine ’

' clearance, This variation could be éxplained in part by 'the variation

IR in nonrenal clearance., This variatioh also has been reported in normal
i )

subjgcts and in patients with renal failure (Beermann et al 1977).

Renal\ Clearance of Furosemide \ ) . / .

by

e median renal clearance of unchanged furosemide (46.7 ml/min)
i |

4

P o

in patients with pulmonary edema was less\‘\ than the mean values (95 ml/min)

, . reported by Beermann et al (1977) and (116 ml/min) Andreasen et al (1977)
C .
in normal subjects. The median renal clearance of furosemide in

‘patients with pulmonary edema was ‘found to be less thap the mean renal
. \
clearance (80 ml/min) reported by Andreasen et al (1977) for patients ™

with heart failure. Thils could be expléined by. differences in disease

state and by the fact that the fluorometric me:lthod used to determine
furosémide concentration is even legs sensitive for \;rine than for ' ;
serum.determinations because of the presence of!fluorescent and Cot
quenching substances, including fn;ros;amide metabplites in urine !
A (Relly '_eE al }.974). The renal cleafance of furosemide did not ha;re a
significant relationship with creatinine clearance when dat?. from all

oo patients with pulmonary edeéma were plotted. This might be explained

! by the interindividual variation in renal and nonr nal excretion of

1 . fyrosemide among patients with pulmonary edema and |similar creatinine

’

‘clearance.

Y

' It has been reported (Greemblatt et al 1976) that creatinine

.
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excretion is not constant over time in normal subjects and can vary

as much as threefold although the standard deviation of mean values

. for their population was only 10.5 to 14.4 percent. Since pulmoﬁanyl

[2
edema i1s an acute state that must be resolved within hours, the

patient may excrete the drug differently than creatinine. If patient

numbers 1 and 9 are taﬁen out of this anal&sis, then the relationship

between renal clearance of furosemide and creatinine cleararce is signi-

‘ficant. Although it is possible that creatinine clearance was incor-

rectly estimated for these patients, this is unlikely since creatinine
clearance determinations were dore by two different laboratories Withm
similar results to each other. It Qas not necessary to eliminate
these patients from other comparisons of renal clearan;e of furosemide
metabolites and creatinine clearance. Patient number 9 was a 28 year
old pregnant woman with myocardial infarction. Whether this factor
altered Fﬁe excretion of furésemide is not known. Patient number 1
also had myocardial infarction and'a low creatinine clearance, but he

had a high clearance of furosemide. The fact that patients with

/
normal or -approximately normal creatinine clearance can clear different

amounts of furosemide has been reported by Beermann et al (1977). The

{

data of thé present study are limited with respect to the numbers of
patients ;ith severe reﬂai impairment., More patients with severely
impaired renal function and pulmonary edema should be studied in order
to resolve the importance of impaired ‘renal function and furosemi&e

renal clearance in this disease state,

Relationship Between Renal and Serum Clearance of Furosemide

The serum clearance of furosemlde in pulmonary edema patients was '

i

e
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* edema patients (2.3) was higher tﬁhn previously reported in nqrmal

' suggests changes ‘in ‘disposition of furosemide in the disease. The

B
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élways higher than the renal clearance. The average of the ratio

~ ¢

between serum clearance and renal clearance of furosemide in’pulmonary

k
N

R i o B SRk

subjects (mean 1.08, Cﬁtler et al 1974, and mean 1.4, Andreasen et al

1977). The fact that in pulmonary edema patients the ratio 1s higher

fact that the highest ratio was found in 3 patients with severe
pulmonary edema suggests that in this disease state nonrenal
élimination of furosemide plays an important role.

Renal Clearance of Furosemide During the Alpha and Beta Phases

of Furosemide Disposition - . ' !

. The renal clearance of, furogsemide was higher during the alpha

than the beta phase of furosemide disposition. At the same time,

\

renal sodium clearance was higher during the alpha than tlie beta S

/

phase of furosemide disposition. If the action of furosemide can

'

be quantified for the amount of sodium, chloride and urine excrated,

v

.then these data suggest that the pharmacodynamic action of this

drug occurs mainly during the alpha phase of furosemide dispositien.

Therefore, when comparison between the ratio of renal sodium clearance 4
. R ‘ i

to renal furosemide clearance is made, it results in a higher ratio _'

during the alpha than during the beta phase of furosemide .disposition.

o

\

= a3

The early effect (of furosemide has been noted by several investigators

ERsee

(Calesnick et al 1966, Kelly et al 1977, Branch et al 1977), but ‘no

attempt has been made to relate this diuretic effect v;ith the alpha or

i a

beta phase of furosemide dispositiofx. Data from this study in

v

pulmonary edeoma patients include more elements simultaneously with

i

i
i
x
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respect to explain how this drug acts in man,

Excretion of Furosemfde and its Metabolites

The excretion of unchanged furosemide in patients with pulmonary

; . . edema was found to be less than previously reported for normal

|
»

\ ; subjects (Calesnick et al 1966, Beermann et al 1975, Andreasen et al

| 1977). The mean renal excretion of 80%- of the administered dose of

4

unchanged furosemide reported for normal subjects by Calesnick et al

. (1966) and Beermaﬁn,g;_gl (197Y) is greater than the median renal
3 N ]
excretion of 56% of the administered dose of .unchanged furosemide in

o

pulmonary edema patients. This suggests that the excretion of

unchangéd furosemide is impaired \{n patients with pulmonary edema.

These results are closer to the mean value of 63% excretion of

> unchanged furosemide found by Andreasen et al (1977) in patients

I s aa o S
.
f
' BN
- et e,

ﬁith heart failure. There was a large jnterindfvidual variation °
in the excretion of unchanged furosemide amongithe patients with
pulmonary edema with approximately the same creatinine clearance.

\ .
N * Therefore no significant rglationship was\found between these two

&

@

. ‘ ' parameters, Excretion of unchang?d furosegéde was ﬁeg?d to be less
A in patients with than wiéhout myocardial iné rcetion. At the same

time, patients with myocardial infarction tended to excrete more of

both furosemide metabolites in urine than patients withou; myocardial

; ‘ infarction. The fact that this relationship wag mot found to be . 1

s;atist%gally significanf may ‘be:due to the smal population studied.

The severity of acute pulmonary edema appears not)to be a determinant

o in the excretion of' furosemide metabolites. This is not surprising

[

since agsessment of the severity of acute pulmonary \edema was based o

o

{
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) pulmonary edema, and the probability of increased fecal excretion. .
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. T |
mainly on the clgﬂ‘xjéy film, and in clinical practice it is accepted

that radiological signs do not always correspond well with clinicals
manifestations of the disease,
Urinary Excretion of Furosemide Glucuronide

b
i
'The excretion of the glucuronide conjugate of furosemide in normal

subjects and in patients with fenal or heart failure has beeqmr\e;g:orted

\

by Beermann et al (1975) and Andreasen et al (19'917). After treatment

of urine samples with B-glucuronidase, they reported legs furosemide ,,
. :

‘glucuronide in normal subjects than in patients with renal or heart

failure. Andreasen et al (1977) suggested that long treatment with

furosemide might stimulate the metabdlic pathway. The present study

shows that this metabolite is found in greater amounts in patients

J

DR

with pulmonary edema, than has been previously reported for normal

gubjects. The possibility of the relat\:ionship between long treatment

’

with furosemide and the amount of glucuronide metabolite found in urine
could not be confirmed in this study, sirce it was not part of the L

experimental design. These pulmonary edema patients were treated with ‘
-3

2

furosemide for different periods of time before their arrival at the

hospital. The fact that a significant relationship between creatinine "

clearance and the formation of furosemide glucuronide was found suggests

that the production of this metabolite increases as renal function

G

decreases. The fact that patient numbet 8 with renal failure excreted

very little of this metabolite could, be explained by ‘the severit\:y of

e,

!

Increased excretion of radioactivity in feces of \«ﬁa-tients with renal

P

failure compared to nommal subjects (Beermann et al 1977) ;support |

-

w o
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_this interpretatton. I_](:;e fact that patient number 4, who recelved

: relétionship. This may be due to interindividual variation in the
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a

O

multiple doges of furosemide over a shor\tjgx[i;)i of time, excreted

a greater proportion of the glucuronide corijugate of{ furosemide

A . N
e T ML e S o %, o
Ya 2 .,{M%i;‘ G

suggested the possibility of a dose dependent relationship for the

formation of this metabolite. Analysis of the extent ‘of furosemide }

Smsyg "%

conjugated with gluéuronic acid versus dose showed no dose dependent .

s -
> B, AN
< e A Ty

¥ iy

excretion of furosemide glucuronide in patients receiving the same l v

dose. A more comprehensive study of this relationship is required

in order to arrive at a final-conclusion.™ . '

4 ,
¥

J
Fxcretion of the Acid Metabolite of F#rosemide

¢« !

Excretion of 2-amino-4-chloro-5-sulfamoylanthranilic acld as the
only metabolite of furosemide has been reported by Ha&ju and Haussler _ .
(1964) and Haussler and. Wicha (1965), while others found no evidence

of it (Calesnick et al 1966, Beermann et al 1975). Recently,

v

- Andreasen et al (1978) have reported the acid metabolite in both

w 4

normal subjects and anephric patients. This study showed that the
acld metabolite 1s present in urine of patients with pulmonary edema
and increased when renal function decreased. The acid mefabo/lite . o
accounted for a lesser proportion of the dose in patients with
pulmondry edema than the glucurovnide metabolite of furoseplide. These
data suggest that ‘in patieni;s\ with pulmonary edema, the main metabolite
-

is the gluclironide conjugate of furosemide and not the acid metabolite. vq_/ .

Relationship Between the Pharmacokinetic and Pharmacodynamic

Disposition of. Furosemide

s

The 24 hour urine volume and excretion of electrolytes in some

x L]
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of the patients with pulmonary edema were noted to be lower than values

for normal 24 hour urine excretion. This could be explained by the =

fact that they were chronically 111 Q?th restricted intake of salt
~ \ .
and water, This decrease in excretion of urine volume and electro-

lytes has been reported by Branch et al (1977) in his kinetic study
of furosemide disposition in normal subjects witﬁ restricted intake

of salt. "

Urine'Osmolalipy ' ‘o
\ The“minimum urinary osh91ality was always found to occur during
the alpha phase. It was coincident with the peak of diuresis and

was always f%und within 80 minutes after the dose. The minifum urine

osmolality is similar to that repofted by Cutler et al (1974). This

is c&incident with the rapid onset of furosemide action and with its

i

main diuretic action duringothe alpha phase of furosemide disposition.

' This effect appears to be similar for patientsdwith differeﬁt degrees

of renal fumction, with or without myocardial infarction, and
E

regardless of the s%yerity of pulmonary edema. "

Urinary -‘Furosemide Excretion and Effect on Renal Function/

“

-

- The rates of renal sodium clearance  to furgsemide clearance was

larger ‘during the/alpha phase than the beta phase of furosemide
disposition. If the action of furosemide was constant during the

alpha and beta'phases, one would expect that the ratio between the

‘Tenal clearance oﬁ sodium to the rena] clearance of furosemide would

.be similar during the two phases., Howevef, this ratio is greater ‘

during‘the alpha than during the beta phase, consistent with the clinical

. o ‘
observation that the diuretic effect of furosemide is largely over by
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the end of the alphg phase. “However, clearance of furosemide by the
kidney is still continuing during the beta phase of se;um furosemide
diséosigion. Since drug effect is said tglbe related ;o\itslconcentrah
tion at the site of action, and §1ﬁce it has been reported by Burg et al
(1973) in isolated nephron segments that access to.the lyminal rather -
than tﬁe plasma membrane appears to be necessary for the activity of

)

furosemide, a comparison.%etwegn t%e extretion of sodiumz chloride ~
and urine volume, and the excretion of furosemide was done. This -
resulted in a positive and lf;eaé Eglationsh}p for all patients,analyzed

for . all these comparisons. Therefore the excfetion of urine volume,

sodium and chloride increased linearly with the expretioﬁ of furosemide., . =

Effects of Furosemide on the Excretion of Other Electrolytes

The excretion of calcium was found to increase lineagly with the
excretion of furgsemide..,The increased excretion of calclum after a
dose of furosemide has been ;epérted by several investiéatorg (Walser
et al 1963, Toft et al 1970, Gall et al 19}1, Suki et al 1970, and
Walser g&rgl_l97l): This increase’ in ;alcium e;cretion with increasing
doses of furose;ide has been reported without quantifation. The results
from this study sho;’that furosemide can increage"the excretion of

.
calcium linearly. This suggests that the exgretion of calcium should
be greéteg with higher doses of f;rosemide. Careful attention must
be paid to the administration of furosemide in older patients with

osteoporosis in whom furosemide could accelerate this process.

Disposition ofwgprosemide and its Pharmacological Effects

It has been postulated that the action of furosemide in the

! k |
ascending limb of the loop of Henle is due to the inhibition of chloride
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reabsorption. In order to obtain this effect, access to the luminal
- % i .
membrahe rather ,than the plasma membrane of the nephron by furosemide

appearé’to be necessary (Burg et al 1973). Huang gg_gl‘(1974) and\
Cutler et al (1974) did not find a correlation between plasma
concentration of furosemide and the excretion of sodium or urine

volume in normal subjects or in patients with renal failure. Rose

et al (1976) found a good relationship between the excretion of

furosemide and the excretion of sodium in azotemic dogs. They reported K N

no correlation between plasma concentration of furosemide and urinary

sodium excretion. Branch'gg_gk (1977) reported a significant relation-

N

ship between the plasma concéutration of furosemide and the rate of
|

excretion of sodium in normal subjectss They reported that the
urine concentration of furosemide did not have any comnsistent
relationship with its diuretic response. Lawrence et Elf<1978) reported
a linear correlctioﬁ between furosemide excre;iqg rate and sqdium or
potassium excretion rate in urine from normal subjects.

An'attempé to determine the Qost éat;sféctory relationship bétween
‘the disposition of furosemide and its pharmacological éffect on renal
handling of salt and Gater in patients with pulmonary edema was made.
A comparison between the renal clearance of sodium and <hloride to
the renal clearancé of furosemide resulted in a completely?unsatisfactory
explanation for the pharmacological effects of this drug, since a poor
correlation was found for all the patients analyzed. The.renal clea%ance
of sodium and chloride were compared to the serum concentration of furo-

semide on the basis that the pharmacological effect might be related to

the plasma concentration. This relationship was an improvement over

*

§

<
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- analyzed. Therefore the pléﬁgg concentration of furosemide did not - :

- 102 = A >

that observed between the renal clearance of sodium and furosemide.

w

However, this'relationship was unsatisfactory for half'of the pétiengs
| \ g

have a consistent relationship with the diuret%g response to this

dfﬁg. Finally, a comparison of the renal excretion of sodium and

chloride to t@e urinary excretion of furosemide correlated most

satisfactorily with furosemide dispogition and its diuretic effect. .

~

This comparison‘was found to be‘satisfgctory for all patients analyzed.
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CONCLUSIONS |

t

Analysis of the data from the present study suggest that:
1. Furosemide disposition is altered in patients with pulmonary
edema. This alteration is defined as a prolongation in the alpha

and beta half-lives of furogemide, Increased furosemide biotrans-

\ formation, and a decrease in excretion of unchanged drug in urine.

§
2. , Alteration of furosemide metabolism in pulmonary edema patients

i
does not prevent its diuretic action.

3. The diuretic tesponse to furosemide is associated with the
{
{
digtribution of drug outside of the plasma to a compartment which

is in rapid equilibrium with it. The response to furosemide is

determined by t?e concentration of drug ih this tissue\compartment.

, -
1

4. . The excretion of furosemide into tubular urine is required

‘

for its diuretic effect in patients with pulmonary edema.

5. The excretion of sodium, chloride, caycium and urine voiume

¢

increage linearly with the excretion of unchanged furosemide in

. {
urine. :
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Appendix 1 Aﬁproval of the Ethics Committee of
. the Montreal General Hospital for the
investigation of Pharmaéokinetics and
pharmacodynaﬁics of fﬁrg§emide in‘

patients with acute pulmonary edema.

4
(-
.
,
@
. v
l/ !
.
\ s
.
,
o+
\ 2
\
.
, Ve
- f
.
;
.
« .
« L]
. . \
.
PN
.
~ !
‘
k]
‘ 'I
/ \ ,
1
L}
.
\
/ -
r ! “
. .
. | .
. M

-




e TEER L VPR T e

.
i TR AR I PRI B v g+ L« gm T

AT M ens Tt

J —
/ .
o - )
4 /
. Y , ,
Appendix 2 Summary of pharmacokinetic data for . )
N &
: di’sposition of furosemide in man.
] R i
. ) 1
v Al
3
4
-~
' ;
‘ b
i
K
/
b |
4 !
. L3 B
H
/
B . e 7
I . ? 1
B ° -]
. . .
&
\ s
- 7
t
’ ‘ . ,
+ v - / f




o e e e TR T e

LR S

oty

e L s b

e - . - et

v e

- 109 -

TABLE XVIII. Summary of the

man. Mean and

Reference Assay
o 35
Calesnick et al 1966 S
Cutler et al 1974 Fluoro-
metric
35
Beermann et al 1975 S
Beermann et al 1977 GLC
Andreasen ef, al 1977 Fluoro~
metric
Branch et al 1977 Fluoro-
metric
Hémeida'et al 1977  Fluoro-
metric
Lawrence et al 1978 Fluoro-
metric
Huang et al 1974 Fluoro-
metric
Cﬁtler)_i al 1974 Fluoro-
metric
Kelly et al 1977 358
Beermann et al 1977 GLC
Benet et al 1976 » Pluoro-
metric
Andreasen et al 1977 Fluoro-
metric
Perez, 1978% GLC

*Median and range

3

serum furosemide half;liv%p in

.

range of values are reported.

¥

Subject alpha ‘1/2 beta tl/2

(min) (min)
M {
Normal 7 70 '
Normal 29.5
- 18.5-40.4
Normal 47-53
Normal 47,4
29.4-72
Normal 9.5 71.8
Ndrma} 50
Normal 38.4
Normal 36.0
L a .
Renal 582
failure 216-1200
Renal 80.7
failure 40.1-121.3
Hepatic and 42-98
renal failure
Renal 69.0-1475
failure
Heart / 76.7
failure a
Heart - - 18.9 134.1
failurg .
Pulmonary 29.4 283
edema ©15-79 127-1190

R
:

S SR




TABLE XIX.

a

-

Reference

Calesnick et al 1966

L]
“

Cutler et al 1974
"Kelly et al 1974

Beermann et al-1975

Kelly et al 1974

Andreasen et al 1977
Branch et "al 1977

Homeida e

al 1977

Beermann et al 1977

Lawrence et al 1978
Andreasen et al 1978

~

Cutler et al 1974

.

1’ administeﬂ%d dose.

Assay
35S
Fluorometric

. Fluorometric

35g

35S

’ -
Fluorometric
Fluorometric
-

Fluorometric

GLC

Fluorometric

Fluorometric

Flucrometrigc

Subject

Normal

Normal ~

5

Nt

Normal
faid

Normal
Normal
Normal
Normal
Normal

Normal

Normal

Normal

Anephric

Cls
(ml/min)

162

138 .
104~197

109-194
166
125

268

194
172-235

224

219.3
166-306

‘105
83-185

g e it e I ROV S SRR e g T e B WWmm-wwwge%w

Cl
(ml/min)

149
83-201

71-150
116
75
90

95 .
71-130

98

e e S K &

>

‘Summary of furosemide clearance rates! and excretion as a percemt of the

Mean and nange of values are reported.

Urinary
excretion
of unchanged

furosemide (%)

80
51-94

"92
67-99
30-50

82-84

65

*Fecal

excretion

(Z)

-
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TABLE XIX. - Continued )
Reference Assdy Subject Clg Clg Urinary
" (ml/min) (ml/min) excretion
) ¢ - ) ‘ of unchanged
v furosemide (%)
Huang et al 1974 Fluorometric Renal 3.29 o “
failure 0.93-11 ,
Kelly et al 1977 Fluorometric Renal -and 73-189 23-168 S
' - " hepatic >
> railure .
Beermann et al 1977 GLC . Renal 80.3 '15.6
- failure <26-124 1-50
Andreasen et al 1978 , Fluorometric  Renal 52-80
' failure N
Andreasen et al 1977 Fluorometric Heart 126.5-83.5 80 63
- T . ; = failure. _— . )
Perez 1978% GLC Pulmonary, 91.6 46.7 56
edema 21-265 6.4-113
*Median and range. )
' ) -
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Fecal
gxcretion

(%)
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TABLE XX.

for furosemide in man. Mean and range of values are reported.

Summary of pharmacokinetic determinations of the apparent volume of distribution

Referense rAssay Subject 1Vd . Vdarea VdSs V1 V2
Kelly et al 1974 Fluoro- Normal 5.03 L 3.80L 1.51L
' metric . .
3.36-3.66L 2.11-2.65L
. Kelly et al 1977 355 Normal 16.4-9.3L
Beermann et al 1977 GLC Normal 0.21L/kg..
0.137-0.273 ]
N . ] L/kg R )
Andreasen et al 1977 . Fluoro- Normal 0.083L/kg 0.28 0.181L/kg !
metric L/kg 0.136-0.,266 -
. L/kg [ — 1
’ '
Branch et al 1977 ’ Fluoro- Normal 1i1.91. . A
: metric
Homeida et al 1977 " Fluoro- Normal 14.97L . )
. metric )
Lawrence et al 1978 ~-Fluoro~- Normal 15.32L -
metric — =
Huang'gg al 1974 Fluoro~ Renal ] 0.117 0.198Li§g
metric failure 0.067-0.195 0.160-0.360
- o . . L/kg
Beerwann et al 1977 GLC Renal 0.141-0.497
failure L/kg A
Andreasen et al 1978 Fluoro- Renal ) ‘ 0.197 0.105 0.092
metric failure 0.156-0.226 0.035-0.156
- : - L/kg

sl R e VP R TR
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TABLE XX. - Continued . ’
< ",
R ‘ '
efe:rence Assay Subject vd Vda’rea VdSS Vl v,
"Benet et al 1976 Fluoro- Heart 11.4L 7.1L © 4031
e : metric failure ° ‘ .
| ~ B
Andreasen et al 1977 Fluorxo- Heart . 0.28 0.198L/kg 0.100L/kg 0.098L/kg
- . y metric failure - L/kg )
Perez 1978+ | cLc . Pulmonary ~ 0.407 0.317L/kg 0.144L/kg  0.2}0L/kg
< \ edema L/kg -~ \ )
: . 0.148-2.154 *0.085-1.67 0.03-0:278 0.05-1.47
) \ - . - L/kg L/kg L/kg ~ L/kg
Vo ,
\ ]
. \ - b
\ i
. . \ ‘ w
*Median and range \ . [
N ‘\v i
Cs , \ — . )
iy - 3
B N \
- \_. 2 ’
%
_ \ h - -
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TABLE XXI.

Reference

Andreasen et al

Andreasen et

Lawrence et

Kelly et al

Huang et

Andreasen et al

Andreagsen et

Perez -1978%

*Median and range

Summary of the rates of intercompartmental_distribution of

v

RN il St

\

Mean and range of values are reported.

T

al

1977

1978

1978

1977

Assay

Fluorometric

Fluorometric
and TLC

Fluorometric
Fluorometric

Fluorometric
Fluorometric
and TLC

fluorometric

GLC

Subject

\
Normal

. Normal

Normal

Renal failure

Renal failurg

Renal failure

Heart failure

Pulmonary edema

k12

-1
hr

0.924

2.58
0.60-5.75

2.91

0.78
0.90-1.38

0.603
0.100-Xx.986

4.56
0.78-9.42

0.432

0.477

furosemide in man.

k21

-1
hr
3.2

2.35
0.66-4.08

4.67

1.92
1.56-1.76

0.333
0.169-0.941

4.38
1.68-6.72

3.95

0.253
0.090-0.760
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