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INTRODUCTION AND OUTLINE
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INTRODUCTION AND OULINE

Since their introduction 1nto clinical practice almost 40 years ago, loop diuretics belong
to the most widely prescribed drugs This class of drugs comprises ethactynic acid,
bumetanide, furosemide, and, not registered in The Netherlands, torasemide and pire-
tanide This thesis will focus on furosemide Furosemide has shown to be effective in
oedematous states assoclated with cardiac, renal and hepatic disease In the past thirty
years the pharmacokinetic and pharmacodynamic properties of furosemide have been
extensively studied 1n healthy persons as well as 1n various disease states [1,2|

In the treatment of chronic congestive heart failure the recommended daily dosage of
furosemide 1s 20-200 mg [3] However, several studies have established the efficacy of
daily dosages ranging from 2504000 mg when recommended dosages fail to teduce the
excess of body fluid to the desired level 1n both renal failure and heart failure These
supra-conventional dosages are often referred to as high dose furosemide

In this thesis three aspects of the use of high dose furosemide are sudied

Diuretic effects of high dose furosemide

Although the continuous intravenous infusion of high dose furosemide has some theo-
retical advantages above other modes of admmmistration (improved efficacy, less toxic
side effects), studies comparing this mode of administration with intravenous bolus
mjection(s) 1n patients with heart failure were contradictive [8,5] Moreover, 1n none of
these reports the population consisted of patients with congestive heart failuie unre
sponsive to conventional dosages of loop diuretics

When chronic heart failure progresses some patients appear to become non-responsive
even to the use of high dose fuiosemide, 1rrespective of the mode of administration
Whether there are any effective treatment options for these patients 1s unclear The
treatment with positive inotropic drugs, such as dobutamine, occasionally has been
employed successfully to restore the diuretic response to loop diuretics Other studies
suggest that patients with congestive heart faillure may benefit from extracorporal tech-
nmiques like penitoneal dialysis or hemofiltration [10-18] However, 1n most of these stu
dies the stage of heart failure 1s not well-defined or the extracorporal treatment modali-
ty was introduced before maximal conventional therapy, including high dose
furosemuide, was applied

When conventional dosages of loop diuretics are combined with thiazide diugs, this
results 1n a vigorous natriuresis, even 1n patients with moderate renal failure [19-30]
Whether the addition of a thiazide drug to lhugh dose furosemide may cause a correction
of the hydration status 1n patients with chronic decompensated heart failure (insuffi-
ciently responding to high dose furosemide) remains to be estabhished

After chronic administration of furosemide, 1ts natriuretic effects attenuate due to sever-
al mechanisms [31-40] Animal studies have shown that coadministration of a thiazide
preserves the natriuretic response to furosemide [41] In literature little evidence 1s avail
able for the presence of this interaction 1n humans [34]

In summary, the purpose of the studies described 1n this thesis, which focus on the
diuretic aspects of high dose furosemide, was to answer the following questions

* Is the use of high dose furosemide adminmistered as an intravenous continuous infusion effective
and safe 1n patients with severe congestive heart faillure unresponsive to conventional dosages of
furoseride?



* Does the efficacy of high dose furosemide 1n patients with severe heart failure improve when
furosermide 1s administered as a continuous itravenous infusion compared to an intravenous
bolus injection?

* Do patients with severe congestive heart failure and an inadequate response to high dose
furosemide benefit from chronic intermttent hemodialysis andfor hemofiltration?

* Is the addition of hydrochlorothiazide to lugh dose furosermide of any value for patients with severe
congestive heart failure and diuretic resistance to high dose furosemide?

* Can the attenuation of the natriuretic response that occurs after chromic use of furosemide be pre-
vented by coadministration of hydrochlorothiazide?

Vascular effects of high dose furosemide

It is generally recognized that loop diuretics provide rehief of symptoms 1n acute left ven-
tricular heart failure by 1ts non-diuretic effects. Many studies have established that
furosemide has vasoactive properties [42-49] The exact mechanisms involved in the
vasoactivity of furosemide are unclear. Most studies so far failed to make a proper dis-
tinction between genuine direct vascular effects of furosemide versus effects on vascular
tone secondary to cardiovascular reflexes or regulatory mechanisms. The application of
techniques that can measure the effects of locally administered drugs on isolated vascu-
lar beds in vivo, enables us to answer the question whether furosemide acts directly on
the vessel or induces indirect effects secondary to changes in intravascular volume and
blood pressure.

The questions 1n this thesis concerning the vascular effects of furosemide are

* Does furosemide exert any direct vascular effect in humans?

*If s0, is 1t a vasodilator or a vasoconstrictor effect?

= On which part of the vasculature (venous or arterial) does furosemide act?

* If there is a direct vasoactive effect: 1s 1t mediated by prostaglandins or does NO, a potent
vasodilator released by endothelial cells, play a role?

Ototoxic side effects of high dose furosemide

In the early 1970’s it was shown that high dose furosemide was an effective mode of
treatment in patients with renal insufficiency or heart failure unresponsive to conven-
tional dosages of loop diuretics. Soon after the introduction of high dose furosemide,
ototoxicity was reported to be a major side effect of this therapy {50-54] Although in the
majority of cases this ototoxicity was rapidly reversible, few reports described irre-
versible hearing loss, entirely attributable to the use furosemide [54-56). In the past two
decades many studies in animals have been performed to elucidate the mechanisms
involved in ototoxic side effects of loop diuretics, but many questions remain to be
answered. It was shown that the ototoxic side effects were related to the furosemide
endolymph concentration, which appeared to be linearly related to the serum
furosemide concentration within a wide range [57,58]. To our knowledge no data are
available that describe the relationship between the pharmacokinetics and the ototoxici-
ty of furosemide in humans. To clarify this relationship a study was performed aiming to
answer the following questions:

« Is 1t possible to avoid ototoxicity by administration of high dose furosemide as a continuous intra
venous tnfusion instead of an intravenous bolus injection?

« If the serum furosemide concentration 1s the major determinant of the development of ototoxicity,
15 1t possible to define a threshold furosenide concentration below which ototoxicity does not
occur?
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CHAPTER TWO

CONTINUOUS INFUSION OF FUROSEMIDE IN THE
TREATMENT OF PATIENTS WITH CONGESTIVE
HEART FAILURE AND DIURETIC RESISTANCE

Joseph ).M. van Meyel, Paul Smits, Tom P.). Dormans, Paul G.G. Gerlag,
Frans G.M Russel and Frank W.]. Gnbnau

Journal of Internal Medicine 1994;235:329-334
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ABSTRACT

Objectives: To assess the value of treatment with continuous intravenous infusion of
furosemide 1n patients with refiactory congestive heart failure

Design: Open uncontrolled dose response study

Subjects: Patients with congestive heart failure (those with New York Heart Association
(NYHA) class Il and IV with an assessed amount of oedema of more than 5 kg and diure-
tic resistance were 1ncluded [n=10]) Diuretic resistance was defined as failure to lose
weight and/or 1nappropriate urinary sodium excretion (50 mmol 24 h') despite bed rest
for a period of 2-3 days, salt and watei restriction, orally and intravenously administered
furosemide 1n a dose of 250 mg day', digoxin, and when possible an ACE inhibitor
Included patients were treated with continuous furosemide 1nfusion at a delivery

of 20 mg h over 24 h The infusion rate was gradually heightened up to a maximum
dose of 160 mg h'

Main outcome measures: Daily physical examination, history of side effects. determination
of serum clectrolytes and 24 h electrolyte excretion during treatment with furosemide

Results: Weight loss (mean +SD), 12 5 #5 kg) and relief of symptoms was achieved 1n all
patients Mean (+SD) 24 h sodium output rose from 19 +16 mmol 24 h'(n=10) on oral
therapy with 250 mg congestive heart failure to 137 +85 mmol 24 h' (n=8)

during 80 mg h and to 268 +124 mmol 24 h (n=3)on the maximal dose of 160 mg h'

Conclusion: Continuous infusion of furosemide under careful monitoring of the patient
1s a safe, controllable and efficient treatment 1n patients with severe congestive heart
failure and diuletic resistance



INTRODUCTION

Despite the important role of ACE inhibitors, diuretics remain the mainstay treatment for
patients with congestive heart failure especially when fluid retention dominates [1]
Conventional diuretic therapy consists of a loop diuretic either as one or multiple oral
doses or as an intravenous bolus dose {2] Most patients will respond with sufficient nati1-
uresis, welght decrease and clinical improvement to this regimen However, some patients
with severe congestive heart failure show diuretic resistance with an mnadequate diuretic
response as a consequence Diuretic resistance 1s a serious problem n these patients and
seems to represent a final manifestation of congestive heart failure |3) When resistance to
loop diuretics develops, combination theiapy with a diuretic that exerts 1ts action 1n
another part of the nephron tubule could be successful [3,4] However, 1t must be stressed
that severe electrolyte disturbances can ensue when a combination of different diuretics 1s
used Other therapeutic interventions, especially appropnate for patients with severe renal
impairment, could be hemofiltiation or infusion with positive inotropic agents (e g
dopamine and dobutamine) (5.6] High bolus doses of a loop diuretic are successful, but
may be ototoxic [7,8] Also, continuous intravenous infusion of a loop diuretic -to make
optimal use of 1ts diuietic properties has been advocated [4,9-11] From a theoretical point
of view, continuous infusion of a loop diuretic may have two important advantages Firstly,
the diuretic efficiency 1s optimal when there 15 a constant delivery rate of furosemide to
the proximal tubule and secondly. plasma furosemide levels remain relatively low making
ototoxic side effects less probable Up until now there are a few data regairding the efficacy
of continuous furosemide 1nfusion therapy 1n patients with 1efractory congestive heart
failure Therefore, we conducted a study 1n patients with severe congestive heart failure
and diuretic resistance, investigating the pharmacokinetic and pharmacodynamic deter-
muinants of response during continuous furosemide infusion
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PATIENTS AND METHODS

After approval of the protocol by the local ethical commuittee, we selected patients with
severe congestive heart failure (NYHA III-IV) of different ongins with a proven diuretic resist-
ance and an assessed amount of oedema of moie than 5 kg Diuretic resistance was defined
as a failure to lose weight and/o1 1nappropriate urinary sodium excretion (< 50 mmol 24 h')
despite maximal conventional therapy 1e bed rest for 2-3 days salt and water restriction,
orally and intravenously administered furosemide 1n a dose of 250 mg day', digoxin. and
when possible an ACE inhibitor The relevant patient characteristics a1e shown 1n Table 1
the mean age was 71 4 {range 57-84) years and the mean weight was 72 3 (range 43 7-88 2) kg
The patients weie given a physical examination, complete blood count, electrocardio
gram, echocardiogram and chest X 1ay and all gave their written informed consent prior
to the study
Continuous intravenous furosemide infusion treatment was started by an automatic
syringe infusion pump (type STC 521, Terumo Corporation, Tokyo, Japan) with 480 mg 24 h
(infusion rate 20 mg h ) Furosemide medication in the infusion pump was protected
against light We heightened the furosemide infusion rate gradually when patients did
not show weight loss or if there was no enhancement of diuresis or natriuresis after 24 h
The maximal furosemide infusion rate was 160 mg h (cumulative dose 3840 mg 24 h')
During their stay 1n the hospital, the patients 1eceived a diet containing 60 80 mmol
sodium and 80-100 mmol potassium Total daily fluid intake was limited to 1500 ml
Additional medication (e g digoxin, captopril) was permitted and not changed during treat-
ment with continuous furosemide infusion Every day, all of the patients were physically
examined by the same physician Continuous infusion was stopped when patients were
clinically compensated At that time, oral furosemide administration was started at a
dose of 250 mg In most cases, the dose required to contiol recurrent oedema had to be
gradually increased (maximally up to 500 mg b1d ) during follow up
Daily 24 h urine collection was carried out and the urine samples were carefully protect
ed from light Aliquots of the urine samples were assayed immediately for sodium, potas-
sium, chloride, albumin and creatinine content and the rest of the samples were frozen
for later analysis of furosemide concentration Venous blood samples were taken daily
for determination of electiolytes, bloodfuiea nitrates, creatinine and plasma furosemide
concentration Also, venous blood samples wele taken on the day of admission and 1 day
before the patient left the hospital for determination of urate bicarbonate, albunmun,
magnesium, aldosterone and remin The concentrations of furosemide 1n plasma and
utine were deteltmined by a recently developed HPLC assay, with a solid-phase extiaction
method [12] The plasma aldosterone and plasma renin concentrations were determined
by radioimmunoassay (13,14 Routine blood chemistry was measured by auto-analyser
Diuretic response was expressed as daily sodium excretion (mmol 24 h ) or as fractional
sodium excretion (FEy,), defined as

FEng (%) = Una S0 100

Sey, U,

where Uy, 1s the urinary sodium concentiation (mmol 1'), Se 15 the serum cieatinine
concentration (umol 1'), Sey, 1s the serum sodium concentration (mmol 1')and U, 1s the
urinaiy creatimine concentration (mmol 1') Each symbol in the dose-response curve rep-
resents the mean (SEM) FE,, calculated from 24 h urine collections on the day after
heightening of the furosemide dose, and the corresponding furosemide dose
A two-dimensional echocaidiography was used to measure the left ventricular ejection
fiaction Patients were daily interviewed about side effects Values were expressed as
mean +SD) unless indicated otherwise
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RESULTS

The currently investigated patients were resistant to conventional diuretic treatment as
demonstrated by the very low natrnuresis (19 +16 mmol 24 h' respectively 32 +18 mmol 24 h )
despite therapy with 250 mg of furosemde orally 1espectively intiavenously As shown 1n Table
1 the endogenous creatinine clearance was markedly reduced and the blood/urea nitrates
creatinine (BUN/cr ) ratio was high 1n all patients These parameters including the low ejec-
tion fractions (Table 1) demonstrate the deteriorated hemodynamic state of these patients
The mean (xSD} 24 h sodium output rose from 19 +16 mmol 24 h (n=10) on oral therapy
with 250 mg of furosemide to 137 +t85 mmol 24 h (n=8)during 1920 mg 24 h and to 268
£124 mmol 24 h (n=3)on the maximal administered dose 0of 3840 mg 24 h (infusion rate
160 mg h'), whilst the mean daily potassium output rose from 50 £21 mmol 24 h'to 78 £41
and 82 £50 mmol 24 h' respectively The mean duration of treatment was 13 £5 days

Table 2 Biochemical parameters of patients with congestive heai t failure before (decompensated)
and after (compensated) treatment with continuous furosemide infusion (n=10)

Decompensated Compensated
BUN/cr 306 £35 350 42
Serum sodium (mmol 1Y) 134 21 138 01
Serum potassium (mmol 1%) 43 102 41 +02
Serum albumin (g 1') 31 25 32 23
Serum urea (mmol 1') 16 17 18 21
Serum bicarbonate (mmol 1) 306 124 323 124
Serum urate (mmol 1') 062 004 066 006
Serum magnesium (mmol 1%) 088 004 098 1006
Renin (nmol ' h') 154 154 150 1438
Aldosterone (mmol 1) 15 +06 15 05

Values are mean +SEM
BUN/ct blood/urea mitrates creatinine ratio

Figure 1 shows the daily urinary volume and electrolyte excretions and some biochemi
cal parameters of one representative patient (no 2) Increasing the furosemide dose also
increased volume and electrolyte excretions However when patients had almost
reached the compensated state the responsiveness of the kidney to furosemide dimin-
1shed with a lower natriuresis as a consequence In all patients an improvement of the
state of compensation and a weight reduction was realized Mean weight reduction was
12 0 (range 6 319 1) kg Setum sodium concentiations gradually increased to noimal val-
ues and a mild easy to treat hypokalemia occurred 1n almost all patients especially in
those with hyperaldosteronism Otherwise no serious side effects were observed

Table 2 shows the biochemical parameters before and after continuous furosemide infu
sion when patients were decompensated and again when patients were compensated A
small insignificant increase 1n the BUN/cr ratio and a small decrease 1n the mean arteri-
al pressure (MAP) was observed (MAP +SEM decompensated 823 5 mmHg compensa-
ted 78 £3 4 mmHg) However, we did not find significant increases in the serum renin
and 1n the aldosterone levels

Plasma furosemide levels averaged 4 3 £ 2 8 (range 2 6 5 8) ug ml' at the lowest infusion
rate (10 mg h ) and increased to 71 1 £33 3 (range 26 6 136 4) mg ml at the highest infu-
sion rate {160 mg h ) In one patient (no 3) furosemide plasma levels were 1n the ototoxic
presumed range (> 100 mg ml ) but even 1n this patient no adverse effects were noticed



This was the patient with the lowest ECC, who was treated with the maximum
furosemide 1nfusion rate (160 mg h') As shown in the dose-response relation (Figure 2}
the 1s a positive correlation (r’= 0 958, p = 0 0004) between the furosemide dose and the
fractional sodium excretion, indicating that higher furosemide doses induce greater
natriuresis

D1SCUSSION

Our study shows that continuous furosemide 1nfusion 1s an applicable, effective and safe
treatment 1n patients with severe congestive heart failure and diuretic resistance
Diuretic resistance 1n patients with severe congestive heart failure 1s a multi-causal phe-
nomenon and seems to be determined by pharmacokinetic as well as pharmacodynamic
changes Firstly, 1n these patients there 1s an altered absorption that could be surpassed
by intravenous administration [15,16] Secondly, most patients with severe congestive
heart failure have an i1mpaired renal function which causes an accumulation of endoge-
nous organic acids and, as a result of competition, a reduced secretion of furosemide
from the proximal renal tubule with a decreased diuretic effect as a consequence (4] As
shown 1n our study, higher doses of furosemide enhance natriuresis by forcing sufficient
amounts of furosemide 1nto the urine

Figure 1 Daily urine volume and clectrolyte excretions during continuous administration of
furosemide (480-3840 mg 24 h') in one representative patient Ux,= urinary sodhum
excretion, Ug= urnary potassium excretton, U, ,= unnary volume,

U, oo™ Urnary creatinine excretion, S.,,,~ serum creatine concentration

creat”

U\,(mmol 24h )

200
U, (mmol 24h)
[ ]

400

U\ollml 24h ' _J_ED_
2000 “]_
4000 -4
62
Body weight (kg)
58
34
504
46
42
U, reqe (Mmiol 24h ) I W 75 Seirent
N Mo | A 35 (umol 1)
95
S
105
100 Plasmn
lurosemide

60 (ug ml)

lulosemide 3840 o—o
dose 7i
1920 20
{mg 24h ) -
L T T T T T

2 4 6 8 10 1

~
S
kal
@»
N
=1

[
el

3pIwasoIny asop YSIy JO uoIsSnjul SNONUIUD)



N
Q

2pIWasoINy 3sop ySiy JO 51233 JIX01010 PUB JRINISEA *I113INIQ

Thirdly, in patients with severe congestive heart failure there seems to be an increased
sodium reabsorption from the proximal tubule as a result of kidney hypoperfusion. In
addition, as shown 1n recent studies, diuretic could be a result of the kidney adaptation
to chronic diuretic therapy, resulting 1n an increased NaCl reabsorption in nephron seg-
ments downstream from the site of action [11]. It seems that continuous furosemide
infusion is a mode of admunistration that could 1nhibit this increased sodium reabsorp-
tion in the distal renal segment. Recently 1t was demonstrated in patients with renal fail-
ure, in healthy volunteers and in patients with congestive heart failure, that continuous
furosemide infusion was much more efficacious than bolus administration [17-19).
Although we did not comipare bolus administration with continuous infusion, it 1s obvi-
ous that continuous infusion of furosemide is effective. In addition, this treatment
modality seems safe because the high and potentially toxic plasma concentrations seen
after bolus administration would be avoided; moreover, high cumulative dosages could
be administered. Toxic plasma furosemide levels were observed in one patient with the
lowest ECC (13 ml. min') who was treated with the maximum furosemide infusion rate
(160 mg. h'). With respect to toxic furosemide concentrations, a daily cumulative dose of
3840 mg (infusion rate 160 mg. h') seems safe when the ECC is higher than 23 ml. min'.
As reported in the literature, loss of hearing can occur when the furosemide infusion
rate is higher than 240 mg. h' [8].

Fractional sodium excretion (%) Figure 2. Dose-response relation to
71 continuous administration
of furosemide relating the
6+ furosemide dose (mg) to

fractional sodium
excretion (%). Each point
represents the mean (£SEM)

41 fractional sodium excretion,
calculated from the 24 h
3t urine collections of the
patients after heightening
2] { of the dose
1

0 PR S S
—+ + t + + —t—

0 480 560 1440 1920 2400 2880 3360 3840

Furosemide dose (mg. 24h?)



In all our patients this treatment was successful and well tolerated. As shown in the
dose-response curve, it seems rational to give higher (cumulative) daily doses of
furosemide than is generally advocated. It was not possible to fit the data according to a
sigmoid E,,,, model because maximum values were not reached and consequently the
full extent of the curve could not be defined |17]. An expected finding was that the
responsiveness of the kidney to furosemide diminished when patients were almost com-
pensated. As mentioned by Vasko et al, this could occur when patients attained dry
weight and were in a sodium-avid state [15]. In addition, at that time their sodium levels
were almost in balance with their diet.

During this treatment no biochemical or clinical signs of dehydration were observed.
Consequently, as stated by Anand et al, careful clinical assessment of patients is a reliable
method for preventing diuretic-induced dehydration [20]. Serum sodium normalized in
most patients, as demonstrated in an earlier study in patients with severe congestive
heart failure [7]. However, it must be stressed that combination with thiazides can result
in severe hyponatremia because they act in the cortex and do not interfere with concen-
trating ability [1,22].We conclude that continuous furosemide administration is a safe,
controllable and effective symptomatic treatment for patients with severe congestive
heart failure and diuretic resistance. When this strategy lacks effect, combination with
diuretics that exert their effect in another part of the nephron, infusion with positive
notropic drugs or hemofiltration could be helpful.
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CHAPTER THREE

DIURETIC EFFICACY OF HIGH DOSE FUROSEMIDE
IN SEVERE HEART FAILURE: BOLUS INJECTION
VERSUS CONTINUOUS INFUSION

Tom P.J. Dormans, Joseph J.M. van Meyel, Paul G.G. Gerlag,
Yuen Tan, Frans G.M. Russel and Paul Smits
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ABSTRACT

Objectives The efficacy of high dose furosemide as a continuous infusion was compared
with a bolus injection of equal dose 1n patients with sevele heart failure

Background The delivery 1ate of furosemide into the nephron has been proved to be a
determinant of diuretic efficacy in healthy volunteers

Methods: In a :tandomized crossove: study we compared the efficacy of a continuous
infusion of high dose furosemide (mean daily dosage 690 mg, range 250 - 2000 mg) ver-
sus a single bolus injection of an equal dose 1n 20 patients with severe heart faillure The
patients received an equal dosage, either as a single intravenous bolus injection or as an
8 h continuous infusion preceded by a loading dose (20% of total dosage)

Results Mean (+SEM) daily urinary volume infusion 2860 +240 ml, bolus 2260 +150 ml,
p=00005) and sodium excretion (infusion 210 £40 mmol, bolus 150 +20 mmol, p~ 0 0045)
were significantly higher after treatment with continuous infusion than with bolus injec-
tion, despite significantly lower urinary furosemide excretion (infusion 31060 mg 24 h',
bolus 330 +60 mg 24 h', p = 0 0195) The maximal plasma furosemide concentration was sig-
nificantly higher after bolus injection than dunng continuous infusion (infusion 24 £5ug ml ,
bolus 95 +20 ug ml', p <0 0001) Short term completely reversible hearing loss was only
reported after bolus injection 1n 5 patients

Conclusions We conclude that in patients with severe heart failure, high dose furose-
mide administered as a continuous infusion 1s more efficacious than bolus injection and
causes less ototoxic side effects



INTRODUCTION

Loop diuretics are commonly required 1n the management of heart failure In most
patients orally admunistered conventional dosages of furosemide mobilize oedema and
maintain adequate hydration However, with progression of the disease state, diuretic
resistance - a potentially life-threatening phenomenon - frequently occurs, resulting in
fluid and sodium retention To overcome this complication the oral dosage of the loop
diuretic 1s often increased Thele are two reasons for this strategy, firstly, in the course of
heart failure impairment of renal function often occuts [1] In renal insufficiency, higher
dosages of furosemide are necessary to create effective concentrations 1n the intraluminal
site of the ascending limb of Henle’s loop, the site of action of loop diuretic drugs
Secondly, 1n patients with heart failure higher concentrations of furosemide in the renal
tubule are required to induce an adequate natriuietic 1esponse, in other words in these
patients the dose-response curve 1s shifted to the 11ght and downward (2] In addition to the
absolute amount of drug carried to the site of action, the time course of delivery to the site
of action appears to be an important determinant of overall diuretic response [3,4] This
means that, theoretically, diuretic treatment can be optimized by the administiation of
furosemide as a continuous intravenous infusion This mode of administration provides a
constant delivery rate of furosemnide to the renal tubule Furthermore sodium retention
dunng the drug-free intervals may be avoided and the risk for ototoxic side effects 1s
reduced [5,6] Only two controlled studies have compared the efficacy of a continuous
intravenous infusion of a loop diuretic drug with intravenous bolus administration 1n
patients with heai t failure 7,8}, with conflicting results with respect to the supposed supe-
rior efficacy of continuous infusion However, on the basis of the previous arguments and
the results of studies 1n healthy volunteers and patients with 1enal insufficiency, optimizing
furosemide delivery to the renal tubule may have a beneficial effect Consequently, we
hypothesized that high dose furosemide administered as a continuous inttavenous 1nfu-
sion would be more efficacious and less toxic than an intravenous bolus of an equal dosage
furosemide 1n patients with severe chronic heart failure

[\
()]

u013231ul SNJOG SNSI3A LOISNJUI SNONUIIUOY)



aSVASIP AVINAA=(A ‘duaiauprig=4] ‘uipidydoay=yJ ‘aptupvingoi=1 “uanipd=1J ‘auostupasd=1J ‘wmssviod=J ‘aurdipafiu_nN ‘apww =y ‘aunuvdoqi=qj ‘a1p41
-1U1PAPIG 10SOSI=] ‘aPIZDIYI0A004PAY=] ‘a1wdf =] ‘aanpinf 14vay payvsuadwodap=duwioraq ‘uixoSip=q ‘dpuowind 403=JD ‘aanpvf 14vay parvsuaduiod=duro) ‘Ay3
-pd0AWOIPADI=]N) ‘ISVISIP A4314D K4DU0I0I=TVY?) ‘[14d01dDI=) ‘Juoipporuv=y ‘joutindo)p={1y ‘auo1Ivpp=1y ‘101DUWN0IOUIID=IY ‘IPLIONID=Y SUOIIDIALQQY

stuapd Apnis gz fo sonsuapvabyd (parut) 1 3[qeL

0zI 8b Lo L€ 4 1706
069 S¥ €T 67TL 17 uedW
armw 0sz avd dwodag N4 P 786 Wiis 0z
Ae) 0001 avo durodaq 44 81 9'€9 W/69 61
d'an 05z da dwodaqg 9% Lt L'6L WiLs 81
qrdonvy 0002 WD dwodaq LS g 01L W/99 A
1dDuy 00S avo durodag 0s S0 08 W/99 9r
YL'HD'Y 0ST dD dwodaq 4 0l S'9s d/69 SI
qra 0001 avo dwodaq 43 60 9'€9 /68 bl
D'V 00S avd durosag ¥e 8¢ £9¢ 1/98 €1
WA 0sZ avo dwodag 43 8Tl yTL Wiss 41
Yrrdrao wyoy 0S¢ WO dwodaq 0S 99 6'18 Wite 11
'ra 00S avd dwosag £ LT 719 Wizs o1
VAII'Y 000'C avo dwop SI S0 9'9¢ a/1s 6
ruy'y 00S'T avo dwo) sI S0 £8P WizL 8
L 1uy'y 00S avo dwop 9L 91- 0'€s dleL L
yrqrrmw 00S avo duo) LT £1- LS /9L 9
dD'uy'y 005 WD dwo) L8 TI+ ¥06 W/os S
I'raonyv 0sZ avo duro) 6S Tr- 6 €8 d/es ¥
d'N'L'VY 0ST avo dwo) 0L £0- S'8L aleL €
YrLd'v 0001 D dwo) 76 91- 6'901 WvL 4
oV 00S avo duro) 9% 00 1oL Wive 4

(, uru ‘qur) (8w) Idpuald
uonedpaw (Sum) snjels DUILID a8uey)d (8y) J(A79) ‘ON
[BeUOnIppY asoq sisouSelq UONEBIPAH JUITEAI) 1g3oMm q3m 8y jJuaned

% Diuretic, vascular and ototoxic effects of high dose furosemide



PATIENTS AND METHODS

Subjects

After approval by the local ethics committee, we included 20 patients (7 women, 13 men)
with severe heart failure of differing etiologies (New York Heart Association functional
class Il or IV) and long-term use of orally admuinistered high dose furosemide (at least
250 mg) Each patient provided written informed consent before the start of the study
No patient was taking non-steroidal anti-inflammatory drugs or probenecid Patients
with cardiomyopathy due to alcoholism were excluded

At the time of the study. 9 patients were 1n a clinically compensated state without oede-
ma and 11 patients had decompensated heart failure with an estimated oedematous
mass of at least 5 kg Mean (£SkM) body weight at the start of the study was 72913 7 kg
Mean pretreatment endogenous creatinine clearance was 45 +4 ml min The clinical
characteristics of the study patients are shown 1n Table 1

Study design

The study was a randomized crossover study All patients were placed on a standard diet
with a daily content of 80 mmol of sodium and 100 mmol of potassium and a fluid
intake of 1500 ml Extra potassium was administered for hypokalemia (<3 5 mmol 1)
During the study patients did not drink any coffee, tea or alcohol The daily furosemide
dosage was left unchanged throughout the study All other medication was continued as
previously prescribed Patients underwent physical examination with emphasis on
hydration status Standing and supine blood pressures and weight were determined
daily Anindwelling urinary catheter was inserted when patients could not void on
request The patients remained 1n the hospital for the duration of the study

During days 1 and 2 of the study, the patients received a single dose of orally adminis-
tered furosemide (Lasix, Hoechst) At that time, blood samples were obtained for baseline
measurement of serum electrolytes, blood cell counts, serum albumuin, plasma epineph-
rine and norepinephrine, plasma renin and plasma aldosterone Urine samples were col-
lected over 24 h for measurement of volume and concentrations of creatinine, sodium,
potassium, chloride and furosemide

Table 2 Mean values (+SEM) of briochemical variables in 20 patients with severe heart failure
before and after intravenous treatment with high dose furosermide (dadly dosage 690 £560 mg)

Day2 Days 3-3 Day6
Before ARer Before Afer
Infusion Infusion Bolus Bolus
(t=0h) (t=24h) {t=0h) {t=24h)
Serum sodium {mmol 1") 13741 137+1 1381 138£1
Serum potassium (mmol 1') 42+01 43+02 41201 43101
Serum chlonde {mmol 1"} 9511 94+2 95¢1 9412
Serum creatinine (umol 1) 132t8 139+9° 13418 139+ 8t
Serum urea (numol 1Y) 18+2 19+2 192 192
Serum albumun (g 1') 36t1 371 361 36x1
Aldosterone (nmol 1') 15+ 02 1805
Renin (ng 1') 222162 336109
Epinephnne (nmol 1') 04+01 03101
Norepinephrine (nmol 1') 3505 28104

‘p<0 01, Tp<0 05 versus before treatment (Student t test for paired data) t=time
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On day 3, patients weie randomized to receive furosemide either as an intravenous bolus
1njection (1njected within 5 minutes) or as a continuous intravenous infusion The con-
tinuous intravenous infusion started with a loading dose, consisting of 20% of the total
dose and administered within S min as a bolus injection, followed by an 8 h continuous
intravenous 1nfusion 4t an infusion rate of 10% of the total dose per hour (model STC-521
infusion pump, Terumo Coi1p , Tokyo, Japan) Either of the administration modes was
started at 8 AM, after ini1tial bladder emptying Blood samples were taken from the ante-
cubital vein 1n the arm contralateral to the drug infusion at 0, 15, 30, 45, 60, 90, 120, 150,
180, 240, 360, 480 and 1440 min after the start of the intravenous furosemide adminis-
tration for determination of plasma furosemide concentrations Urine was collected at
30, 60, 120, 180, 240, 360, 420, 480 and 1440 min after the start of furosemide administra-
tion for measurements of volume, sodium, potassium, chloride, creatinine and
furosemide Intravenous furosemide pieparations as well as all urine samples were pro-
tected against light to prevent photochemical degradation of furosemide Urine losses
were not replaced 1sovolumetrically Day 4 was used as a washout period patients
recetved oral furosemide medication and blood and urine sampling was 1dentical to the
first 2 days On day 5 the crossover mode of intravenous administration was given as
described previously On the final day (day 6), urine was collected, and blood samples
(including renin, aldosterone and catecholamines) weie taken for comparison with base
line parameters

Analytical methods

Sodium and potassium concentrations were measured by flame photometry, chloride
concentrations by using a semiautomatic colometric titration method and creatinine
concentrations according to the Jaffe 1eaction 1n an autoanalyzer Plasma and urine con-
centiations of furosemide were measured by a rapid and sensitive high performance liquid
chromatography assay, as described previously [9] Plasma aldosterone was determined by
radioimmunoassay [10] Plasma renin was measured by means of an immunoradiometric
sandwich technique with the use of two monoclonal antibodies and without enzymatic
step (ERIA Diagnostics Pasteur, Marnes La Coquette, Fiance) [11] Blood samples for meas-
urement of plasma catecholamines were collected 1n prechilled tubes on melting ice con-
taining glutathione (0 2 mol 1') and EDTA (0 25 mol 1') The tubes were centrifuged at 4°C
and plasma was stored at -80°C, analyses of plasma samples and infusate occurred with-
1n 2 months from collection Plasma samples were analyzed for concentrations of cate-
cholamines by high performance liquid chromatography with fluorometric detection
dafter precolumn derivatization with the selective detection agent 1,2-diphenylethylenedi-
amine The laboratory procedure 1s a modification of a previously described method [12]

Data analysis

The plasma concentration data obtained after bolus injection were fitted to an open two-
compartment model by use of the PCNonlin computer progiam [13] The area under the
curve (AUC) was calculated by direct integration, and the half-life of furosemide was
obtained from the terminal elimination rate constant The AUC below the plasma con-
centration-time curve during continuous infusion was calculated by means of the trape-
zoid rule and extrapolation to infinity using the terminal elimination rate constant of
the curve after bolus injection Systemic clearance was determined by dividing the
furosemide dose by the AUC Renal clearance was calculated as the amount of excteted
drug during 24 h dinided by the AUC Nonrenal clearance was defined as the systemic
clearance minus renal clearance Overall efficiency was calculated by dividing the excreted
amount of sodium (mmol 24 h') by the excreted amount of furosemide (mg 24 h )



Statistical analysis

Statistical analyses of unpaired and paired data were made using the Student t test and
the Student t test for paired data, respectively A p value < 0 05 was considered signifi-
cant Data are expressed as mean value *+SEM

RESULTS

Biochemical measurements

Mean values of the biochemical parameters including catecholamines, renin and aldos-
terone did not change significantly during the study, with the exception of serum creati-
nine, which showed a significant increase after both treatment modes (Table 2) As shown 1n
Table 1, the endogenous creatinine clearance was reduced 1n the majority of the patients
According to the natriuresis, 13 patients were not resistant to oral therapy (Table 3)
Howevel, six of these patients had a clearly negative sodium balance (>20 mmol 24 h')
and did not lose weight during this phase of the study, suggesting poor comphance with
the dietary restrictions An influence of cotreatment with angiotensin-converting
enzyme 1nhibitors on the diuretic response could not be observed The renin levels
between captopril-treated and non captopril treated patients did not differ significantly

Table 3 Urinary volume electrolyte and fuiosermide excretion (mean +SEM) 8 and 24 h after
adminmstration of furosemide as oral dosage (day 2), intravenous bolus mjection
or continuous fusion in patients with heart failure

Bolus Infusion Bolus versus Infusion
(p value)

Oral,024h 08h 024h 08h 0-24h 0-8h 024h
U, (ml) 2200 £160 1350 190 2260 +150 1700 £120 2860 +240 00002 00005
Uy, (mmol) 130 £30 110 £10 150 +20 140 £20 21040 00010 00045
Uy, (mmol) 70+6 3045 70 £5 40 4 8015 0 0006 <0 0001
Ug, (mmol) 130 £20 120110 150 20 150 £20 220135 00006 00018
Upurosemude (Mg) 140 £30 290 £50 330 160 220 £40 310 60 <0 0001 00195
Recovery (%) 212 44 2 50 2 3312 44 £2 <0 0001 00195
Eff(mmol mg') 29+15 0702 09+03 11+03 1304 00005 00019

Abbreviations Eff = efficiency, U, — uninary volume, U, , = uninary sodium excretion,
U, = urtnary potasstum excretion, U, = urinary chloride excretion
Statistical analyses were made using the Student t test for paired data
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Pharmacokinetic parameters

Apart from the maximal plasma furosemide concentration, which was signifantly higher
after intravenous bolus 1njection, the pharmacokinetic measurements were sumilar in
the two treatment modes (Table 4)

Table 4 Pharmacokinetic vaniables (mean +SEM) of furoseride after adrmmstration as bolus or
continuous nfuston 1n 20 patients with heart failure

Bolus Infasion
AUC (g ml' min') 142 240 131 41
Systemic clearance (ml min') 64 8 67 6
Renal Clearance (ml min') 30 13 31 13
Nonrenal clearance (ml min') 34 14 36 4
Half life (mi1n) 139 7
Furosemide excretion (mg 24 h') 330 160° 310 160

Abbreviation AUC = area under the curve
*p<0 05 statistical analyses were made using the Student t test for parred data

The plasma furosemide concentration-time profiles of the two dose regimens of one rep-
resentative patient are shown in Figure 1

The furosemide plasma concentrations were 1n the supposed ototoxic range (>100 ug ml')
10 seven patients immediately after bolus injection and 1n one patient during continu-
ous infusion During continuous infusion, the plasma furosemide concentration
remained at steady state throughout the infusion period, with a significantly lower max-
1mal plasma concentration (bolus 95+20 mg ml', infusion 24 +5mg ml’, p<00001)
However, the plasma furosemide concentration was determined first at 15 min, after the
start of the administration This implies that immediately after injection of the bolus,
the plasma furosemide concentration was even higher The urinary furosemide excre-
tion rate followed a similar pattern for both ways of administration (Figure 1)



Plasma furosemide concentration (ug ml’)

100 -
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—m— Infusion
50 1
—0— Bolus
25 4
0
0 120 240 360 480
Time (min)
Furosemide excretion rate (ug min!)
2000 T
1500 L
—m Infusion
1000 |
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0 T T L) 1
0 120 240 360 480
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Figure 1 Furosemide plasma concentiation (Top) and urinary furosermde excretion rate (Bottom)
for a representative study patient (patient 1) after 500 mg of furosermide as a bolus
injection or continuous mfuston (50 mg h' during 8 h preceded by a loading
dose of 100 mg)

After bolus 1njection, most of the furosemide was excreted within 2 h, whereas duiing
continuous infusion, the urinary excretion rate was constant

Pharmacodynamic parameters

Although a smaller amount of furosemide was excreted 1n the urine during both 8 and
24 h with the use of continuous infusion, the urinary volume and natriutesis during
both 8 and 24 h were significantly larger (Table 3) The differences 1n natriuretic
1esponse between the two intravenous modes of administration and the interindividual
varniability of these responses are shown 1n Figure 2 and 3
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Cumulative sodium excretion (mmol)
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Figure 2 Cumulative urinary sodium excretton {mean SEM) 24 h after bolus injection
{open squares) and contiuous mfusion (solid squares) of high dose furosemide

Separate analysis of data of patients with compensated (n=9) and decompensated (n=11)
heart failuic revealed similar results for these subgroups, except for the urinary
furosemide excretion In the two dose regimens there appeared to be a significantly
lower excretion only 1n patients with compensated heart failure after continuous infu-
sion The sequence of diug administration did not influence the natriuretic response 1n
either of the two 1ntravenous administration methods Compaied with oral therapy (day 2)
bolus injection did not differ significantly with respect to volume and electrolyte excre-
tion However, urinary recovery of furosemide was significantly lower (oral 21 2%, bolus
502 % p<0 0001), and thus efficiency higher When continuous infusion was compared
with oral therapy, volume and electrolyte excretion was significantly higher after contin-
uous 1nfusion, whereas uiinary furosemide recovery was significantly lower after oral
admuinistration (oral 21 £2 % 1nfusion 44 +2%, p<0 0001)

Figure 3 Individual values for
Urinary sodrum excretion {mmol 24h'") urnary sodium
exctetton 24 h after

800
continuous infusion
700 | and bolus
injection of high dose
600 | furosemide 1n 20
patients with severe
s00 | heart failure
400 | \
00 | \-
200 L {
(]
100 |
0

Infusion Bolus



A dose-tesponse curve was created for each patient However, sigmoid-shaped curves as
seen 1n healthy subjects, were not observed (data not shown) Moieover, a high interindi-
vidual variability was observed To gain insight into the potential development of acute
diuretic tolerance during continuous infusion of furosemide we compared the efficiency
(mmol excreted sodium divided by mg of excieted furosemide) during two time inter-
vals- 30-60 min and 420-480 min The amount of drug excieted pe1 hour during each inter-
val did not differ significantly, nor did the amount of sodium Hence, the efficiency was
equal 1n both periods indicating that acute diuretic toletance did not occur during con-
tinuous infusion Because of the design of the study (a single bolus instead of multiple) we
could not determine whether acute diug tolerance was present after bolus injection

Side effects

Although five patients reported hearing loss or tinnitus,or both, shortly after bolus
injection this appeared to be tiansient 1n all five and disappeared within 15 min
No other side effects were observed or repoi ted during this study

DISCUSSION

General conclusions

Out results cleaily show that 1n patients with severe heart failure, continuous infusion
of high dose fuirosemide causes excretion of a higher volume of urine and electrolytes
than an equal dose administered as an 1ntravenous bolus, and the maximal plasma
furosemide concentration is significantly lower A crossover design 1n comnbination with
awashout period was used to balance out any possible time o1 sequence trends
Moreover, the phaimacokinetic data obtained suppo1 ted the outcome of the study

Comparison with previous studies

Few data a1e available on the usefulness of continuous infusion of furosemide in discase,
particularly in heart failure In an animal study, Lee et al [14] compared different dura-
tions of infusion of an equal dosage of furosemide The diuretic 1esponse incieased with
incieasing infusion times In healthy volunteers a controlled comparison of bolus injec-
tion with continuous infusion of a conventional dosage of furosemide showed a larger
diuretic effect of the latter mode of administiation [4] In chironic renal insufficiency
continuous infusion of bumetanide was more effective and less toxic than intermittent
bolus therapy [15] Several uncontrolled reports describing small series of patients with
congestive heart failure demonstrate succesful application of continuous infusion of
loop diuretic drugs (5,16 20]

To our knowledge only two controlled studies on this subject have been performed 1n
patients with heart failure [7,8] Copeland et al |8] did not find any significant pharmaco-
dynamic differences 1n a comparison of continuous intravenous infusion and an equal
dose given as two sepalate bolus 1njections 1n patients after cardiac surge1y However,
that study lacked a crossover design, use of a loading dose before the start of continuous
infusion and adequate study period Lahav et al |7] compared intermittent administration
of furosemide with a continuous infusion of an equal dose 1n patients with congestive
heart failure In their study which lacked pharmacokinetic data, continuous infusion
was shown to be the preferied method of administiation In both studies conventional
dosages of furosemide were uscd

In our study the dosage of furosemide was > 250 mg day' in all patients The results of the
present study can not be genelalized to patients recerving furosemide 1n the conventional
dose range Howevel, 1n the conventional dose range a continuous infusions 1s usually not
necessary, because diuletic resistance can be overcome by simply increasing the dosage
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Interpretation of pharmacokinetic and pharmacodynamic data

In the present study, we included those patients who would benefit most from the pre-
sumed advantages of continuous infusion of furosemide, that is, patients with heart fail
ute and, often impairment of 1enal function High dose furosemide 1s used 1n these
patients because of diuretic resistance to conventional dosages Thus, they are in need of
an optimal diuretic regime without toxic side effects The higher efficiency of continu-
ous 1nfusion 1s demonstrated by the observation that a smaller amount of diug excreted
1nto the urine produced a larger natriuretic effect (Table 3) Several mechanisms may
elicit this superior response firstly the time course of delivery of furosemide 1nto urine
Because the amount of diug excreted 1nto the urine 1s even smaller after continuous
infusion, the time couise of delivery 1s consequently an important factol influencing
the diuretic response The maximally efficient excietion rate of furosemide can be calcu-
lated and the slope factor of the dose-1esponse curve appeais to be an important deter-
mnant in this calculation |3 4} In healthy volunteers the maximally effictent excretion
rate appeared to be 115 ug min [4] Asin patients with heart failure studied by Bratet et al,
the dose-1esponse curves of the patients 1n the present study were shifted to the nght [2]
Moreovel, the sigmoid shape could not be recognized, making a calculation of the maxi-
mally efficient excretion 1ate impossible For this reason and because of the larger
interindividual variability, an optimal infusion rate of furosemide can not be predicted
1n these patients However 1t 1s obvious that during continuous infusion, the urinary
furoscmide excretion rate will be closer to the maximally efficient excretion rate over a
longe1 period

Another cause for the observed difference 1n response between the two modes of admin-
1stration could be the development of a more pronounced acute drug tolerance after
bolus injection [21]| Because of a greater diuresis during the period immediately after
the injection, the intravascular volume might decrease even 1n a volume-overloaded
patient, causing activation of sodium- and volume retaining mechanisms The net result
may be a smaller diuretic efficacy despite adequate urinary furosemide concentrations
Because we used only one bolus injection instead of multiple intermittent injections,
the presence of acute tolerance could not be veiified Acute diutetic tolerance during
continuous infusion appeailed to be absent

Finally, after bolus injection the drug frec interval during which counteracting sodium
retaining mechanisms aie active, 1s longer Although catecholamine levels were
increased at the start of the study they weie not increased further at the end of the
study Activation of the 1enin angiotensin aldosterone axis was not observed (Table 2)
However variables weie measured at the start and at the end of the study, so a tiansient
activation could have been missed In chronic heart failure long-term coadministration
of anglotensin-convel ting enzyme 1nlubitors may enhance furosemide induced natriure-
s1s, possibly owing to a change 1n the set point for tenal sodium handling [22] In 9 out of
20 patients 1n this study, anglotensin-converting enzyme inhibitors were withdiawn in
an earlier phase, because of further deterioration of renal function o1 symptomatic
hypotension Comparison of the patients treated with and without angiotensin-convei t-
1ng enzyme nhibitors did not reveal any differences in furosende-induced natriuresis
for any of the modes of administration, and the mean daily dosage of furosemide did not
differ significantly between the two groups



Side effects

An important advantage of the use of continuous infusion 1s a smaller risk of ototoxicity,
because high peak plasma levels of furosemide are avoided [6] In the present study the
measured maximal plasma concentration during continuous infusion was lower than
after bolus injection 1n all patients However, even a continuous infusion of high dose
furosemide may lead to concentrations 1n the supposed ototoxic range 1n patients with
severe renal insufficiency, as illustrated by one of the study patients (patient 9, endoge-
nous creatinine cleatance 15ml min' 173 m-, furosemide dosage 2000 mg, maximal
plasma concentration in the course of continuous infusion 119 ug ml ) According to
our clinical experience an infusion rate of 160 mg h' seems safe, when the endoge-
nous creatinine clearance 1s higher than 20 ml min' 173 m (5}

Intravenous versus oral treatment

We observed a higher uininary recovery of furosemide after bolus injection than with
continuous infusion This difference reached significance only in the compensated
group of patients The exact mechanism of this discrepancy is not clear and needs fur
ther exploration Although the uirinary recovery of furosemide after oral therapy 1s
much lower (Table 3}, owing to a lower bioavailability than after bolus injection, 1ts effi-
cacy 1s equal This means that the efficiency 1s higher after o1al therapy than after bolus
injection, which 1s probably the result of a better time course of delivery Although effi-
ciency was equal 1n oral therapy and continuous infusion, the continuous infusion of an
equal dose 1s more efficacious than oral administration because of a higher urinary
excietion 1ate of furosemide with continuous infusion (Table 3) In patients with conges-
twve heart failure, absorption of furosemide after oral therapy 1s delayed which results 1n
lower drug concentration at the site of action Anincrease of oral dosage 1s less attractive,
because the exact duiation of delay 1s unknown, making the response unpredictable For
this reason patients with manifest decompensated heart failure should preferably be
treated with intravenous therapy, until the hydration state 1s corrected

Summary

The value of continuous infusion of furosemide 1n patients with severe congestive heart
fallure can be summarized as follows a higher efficiency (than with bolus 1njection) and
a higher, more predictable urinary excretion rate of drug (than after oral theiapy) results
1n an 1mproved diuretic response combined with a reduced nisk for ototoxicity
Continuous infusion of furosemide should be consideled 1n patients with decompensated
heart failure whenever the diuretic response after oral therapy with high dose
furosemide 1s insufficient, especially in those patients at risk fo1 furosemide-induced
toxicity because of impaired renal function
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CHAPTER FOUR

CHRONIC INTERMITTENT HEMOFILTRATION AND
HEMODIALYSIS IN END STAGE CHRONIC HEART
FAILURE WITH OEDEMA REFRACTORY TO HIGH
DOSE FUROSEMIDE

Tom P.J. Dormans, Rien M.C. Huige and Paul G.G. Gerlag

Heart 1996;75:349-351
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ABSTRACT

Objective: To assess the benefits and problems of chronic intermittent treatment with
hemofiltration ot hemodialysis or both 1n patients with severe chronic heart failure
(New York Heart Association class Il or IV) and oedema refractory to pharmacological
treatment

Design and setting: A retrospective case-cohort study A general hospital in The
Netherlands

Patients: The results of chronic intermittent treatment with hemofiltration (n=10) and
hemodialysis (n=2) were analyzed 1n patients with severe chronic heart failure, predomi-
nantly due to coronary heart disease and oedema refractory to a pharmacological
regime including high dose furosemide

Intervention: Patients had an average (+SD) of 25 +38 treatments

Results: There was improvement of NYHA class IV to Ill in seven patients However, this
was not reflected in a decrease of hospital admission only two patients could be man-
aged as outpatients The median survival after start of the treatment was 24 days (va1y-
1ng from 0 to 393 days) In four patients the treatment was discontinued after discussion
with the patient and family

Conclusion: The use of chionic intermittent hemofiltration and hemodialysis 1s of limit-
ed value 1n end stage chionic heart failure with oedema, refractory to maximal conven-
tional treatment



INTRODUCTION

Chionic heart failure 1s a major health problem Ultimately many patients become unre
sponsive to maximal conventional treatment and remain severely symptomatic Short
term relief of symptoms may be obtained by removing fluid either by venesection,
hemodialysis hemofiltration, or peritoneal dialysis [2,3,4,5,6,7] The use of these tech-
niques 1n the acute setting may be worthwhile and can result in the restoration of
diuretic responsiveness

Chronic intermittent hemofiltration and continuous ambulatory peritoneal dialysis of
patients with heart failure may improve survival [8,9,10,11] The wide 1ange 1n outcome 1n
these studies reflects the differing definitions of maximal pharmacological treatment and
the heterogeneity of the patients studied Often data are lacking about the maximal
dosages of diuretics, the use of inotropic or preload reducing drugs, and the severity of left
ventricular dysfunction at the start of chronic intermittent treatment We therefore set
out to detetmine whether hemofiltration and hemodialysis used 1n this way can improve
the quality of life 1n patients with chronic heart failure unresponsive to maximum conven-
tional treatment, including high dosages furosemide (500 to 4000 mg daily dosage)

METHODS

Patient characteristics

In this retrospective study we reviewed the data of 12 patients who were treated 1n our
hospital between October 1979 and April 1991 The clinical characteristics of the studied
patients are shown 1n Table I The mean age of the studied patients was 68 years, the pre-
dominant cause of chronic heart fallure was coronary heart disease, and all but one were
1n New Yotk Heart Assoclation (NYHA) class IV Other complicating conditions were also
commonly present other vascular diseases (n=7), diabetes mellitus (n=4), chronic obstruc-
tive pulmonary disease (n=1) and renal disease (n=4) All patients were severely sympto-
matic with marked peripheral oedema Left ventricular ejection fraction values, by cross
sectional echocardiography, were 21-30% (n=2), 11-20% (n=3) and less than 10% (n=4) The
resting supine systolic blood pressuie ranged from 130 to 60 mm Hg (median 90 mm Hg)

Table 1 Characteristics of the patients before the start of the hemofiltration treatments

Age Underlying Furosermde Other
Patient Sex fyears) NYHA Disease Dosage {mg) medication
1 M 64 v CHD 500 PO Dig vd
2 F 75 v CHD 1000 PO Dig
3 M 62 v CM 1500 PO Dig Ace
4 M 77 v CHD 1000 PO Dig Ace,Vd Do
5 M 71 v CHD 20001V Dig, Ace
6 M 76 v CHD 1500 PO Dig Ace Vd
7 M 61 m CHD 2000 IV Dig Ace
8 F 71 v VAD 2000 PO Dig Ace Do
9 M 56 v CHD 1000 PO Ace
10 M 72 v CHD 2000 PO Ace Do
1 M 66 v CHD 40001V Ace Do
12 M 64 1\ CHD 3000 IV Dig Ace Do

Abbreviations Ace = angiotensin converting enzyme inhibitor, CHD = coronary heart disease, CM =
cardiomyopathy, Dig = digitalis, Do = dopanun, F — female, IV = intravenously, M = male
PO = orally, Pt = patient, VAD = valvular disease, Vd = vasodilator
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Previous treatment

Treatment consisted of salt 1estriction bed 1est and drug treatment including diuretics
ACE1nhibitors digoxin and dopamine (Table 1) All patients showed diuretic 1esistance
defined as a failure to lose weiglht or to develop a negative sodium balance despite bedrest
a sodium 1ntake restriction of 80 mmol per day and high dose furosemide (1790 +960 mg)
Furosemide was given orally 1n eight patients and by continuous intravenous infusion
in four Doses of furosemide exceeding 250 mg per day were given foi at least 22 days
(mean 236 +209 days) befo1e the start of hemofiltration or hemodialysis

Laboratory data at the start

Before hemofiltiation renal function was considerably decreased 1n all patients
Endogenous creatinine clearance (ECC)1anged fiom 8 to 26 ml min 173 m witha
mean ECCof157+164)ml min 173 m The mean urea concentration was404 136
mmol 1' (ranging from 20 3 to 68 0 mmol 1 ) The serum sodium concentration varied
from 118 to 146 mmol | mean 13271 mmol 1' Serum potassium before treatment
varied from32to6 1 mmol | mean45+10mmol I The mean hemoglobulin concen-
trationwas 7811 mmol 1 (range60to99 mmol 1)

REsSULTS

Hemodialysis and hemofiltration

The 1nit1al treatment consisted of hemofiltration (n=10) or hemodialysis (n=2) During
the first session a double lumen femoral vein cathetet was used as a vascular access 1n
seven patients a subclavian double lumen catheter in one a Scribner shuntin one and a
Cimino-Brescia fistula in three

The mean number of hemodialysis o1 hemofiltration treatments per patient was 25 +38
{(ranging from one to 113) The mean treatment interval was 5 7 £9 1 days (Table 2) The
maximum treatment interval was 33 days The mean weight reduction during the first
treatment procedure was 4 0 +1 7 kg (ranging from 1 2 to 6 2 kg) The total weight reduc
tion (weight before first treatment minus weight before last treatment) was 8 4 +8 5 kg
(Table 2)

Complications, quality of life, survival

Four patients reported no complaints during the treatment, one repoi ted nausea and
loss of hearing as main complaints while three suffered from angina pectoris unrespon
sive to pharmacological treatment Four patients became confused or had a decreased
level of consciousness Seven improved from NYHA class IV to class III while five showed
no change In four patients the treatment was discontinued after discussion with the
patient or his famuly Other causes of death were hypotension (thiee patients) respirato-
ry insufficiency (two patients) and sudden death probably caused by a fatal arrhytmia
(three patients)

Patients were admitted to hospital for 12 9 % of the ume during treatment with high
dose furosemide During the treatment with hemofiltration o1 hemodialysis patients
were 1n hospital for 80 £35 4 % of the tuime Eight patients were 1n hospital continuously
two wele managed as outpatients for the major part of their treatment while two were
discharged for a short period (14 (of 24) and 23 (of 393) days respectively)



Table 2 Clinical data concet ning the hemofiltiation treatment

Mean Total NYHA Period of Cause
treatment welght class during treatment of

Patient Method interval (days) reduction (kg) treatment {days) death

1 HD 23 68 11 233 DT

2 HF 19 151 il 21 RI

3 HF 330 74 m 165 Cs

4 HF 30 97 v 9 DT

5 HF 120 69 v 24 DT

6 HF 30 187 M| 24 DT

7 HD 35 15 11 393 FA

8 HF 22 16 m 20 (&)

9 HF 17 79 m 22 FA

10 HF 00 12 v 0 cs

1 HF 22 211 1l 76 RI

12 HF 30 172 v 24 FA

Abbreviations CS= cardiogenic shock, FA= fatal arrhytmia, HD= hemodialysts, HF~ hemofiltration
Pt= patient, RI= respiratory insufficiency, DT-discontinuation of treatment

The median survival after the start of hemofiltration treatment was 24 days, varying
from 0 to 393 days The median survival after the last tieatment was three days, varying
from 0 to 23 days

D1SCUSSION

High dose furosemide 1s an effective, safe and controllable means of treating patients
with severe chronic heart fallure refractory to the conventional dosages of furosemide
[12], but resistance even to high dose furosemide may develop Our study shows that the
use of hemofiltration and hemodialysis 1n patients with end stage chronic heart failure,
who have become unresponsive to such pharmacological treatment 1s of little benefit for
cither length or quality of life

Peritoneal dialysis and hemofiltration may be of value 1n the treatment of patients with
acute heart failure unresponsive to high dosages of diuretics and inotropic drugs [2.3,4.5.,6,7]
However, the place of these nonpharmacologic approaches, used on a chronic intermittent
basis in the treatment of refractory congestive heart failuie remains unclear although
the 1dea that excess of body water can be removed on a regular basis by the use of peri-
toneal dialysis or hemofiltiation, analogous to the treatment of end stage renal failure,
seems appealing

In contrast to hemodialysis, adverse hemodynamic effects are hmited in peritoneal dialy-
sts and hemofiltration, which makes these two techniques more suitable for the treat-
ment of refractory chronic heart failure [13] Despite 1ts negative hemodynamic side
effects, two patients in this study had to be treated with hemodialysis because of life
threatening uremia Renal function was seriously impaired 1nitially 1n all patients, at
least 1n part because of heart failure, and declined further during treatment with
hemofiltration in the majority
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In some of the studies describing the use of hemofiltration or peritoneal dialysis in
chronic heart failure, an improvement in both hemodynamics and responsiveness to
diuretics after the first session was observed, making further treatment of this kind
unnecessary [2, 4, 5, 6, 7, 10]. This can not be completely explained by the influence of
massive oedema on the pharmacokinetics and pharmacodynamics of high dose
furosemide [14]. In our study only one patient could be treated at intervals of greater
than 10 days over a long period.

Life was substantially prolonged 1n only four patients and the median survival after the
start of hemofiltration was short. Moreover, most patients were in hospital throughout
the period of hemodialysis. Any improvement in NYHA class was limited. The slight bene-
fit combined with the high cost, make 1t questionable whether patients with end stage
chronic heart failure refractory to high dose furosemide should be offered chronic
hemofiltration. The addition of a thiazide diuretic, acting on the distal tubule, 1s effec-
tive, even in patients with a markedly impaired renal function [15]. Treatment with a
combination of diuretics acting on different segments of the nephron may be an alterna-
tive to chronic intermittent hemofiltration. In our view treatment with hemofiltration
or hemodialysis in patients with chronic heart failure should only be considered when a
remedial cause of heart failure is suspected or as a bridge to heart transplantation
(10,12].
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CHAPTER FIVE

COMBINATION OF HIGH-DOSE FUROSEMIDE AND
HYDROCHLOROTHIAZIDE IN THE TREATMENT OF
REFRACTORY CONGESTIVE HEART FAILURE

Tom P.J. Dormans and Paul G.G. Gerlag
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ABSTRACT

Objective: We studied the synergism between high dose furosemide and hydrochloro
thiazide 1n patients with severe congestive heart failure and impaiied renal function
showing diuretic resistance to daily dosages furosemide of at least 250 mg

Design and setting: An open study A general hospital in The Netherlands

Methods: In 20 patients with severe congestive heart failure (stage III-IV according to the
New York Heart Association) with an oedematous mass of more than 5 kg and a proven
diuretic resistance to high dose furosemide, hydrochlorothiazide (25-100 mg daily) was
added to the medication for 3-12 days, leaving the other medication unchanged After
correction of the hydration state, hydiochloiothiazide was withdrawn Variables included
body weight, serum electrolytes. renal function and natriuresis

Results: Addition of hydrochlorothiazide resulted 1n a mean (+SD) body weight reduction
of 6 7 £3 3 kg per patient Mean daily urine volume increased from 1899 +958 m! to 3065
925 ml (p <0 001) Fractional sodium excretion increased significantly from 3 5+3 2 % to
115490 % (p <0 001) The most important side effect of this combination therapy
appeared to be hypokalemia Mean endogenous creatinine clearance decreased (not signifi-
cantly) from3271225mlmin’173 m-t0276+225ml mun' 173 m

Conclusions: Addition of hydrochlorothiazide to high dose furosemide 1s a powerful
druretic tool, even 1n patients with an importantly reduced renal function Because of its
potentially dangerous side effects (hypokalemua), 1t should be used 1n a carefully con
trolled setting



INTRODUCTION

In the majority of patients with congestive heart failure no causal treatment for the
unde1lying disease 1s available, thus only symptomatic therapy remains The basis of the
management of decompensated patients consists of restriction of both physical activity
and sodium 1ntake together with pharmocological therapy In the management of
patients with advanced chronic heart failure, pharmacological treatment comprises
angiotensin converting enzyme inhibitors, vasodilators, digitalis and diuretics [1]
Diuretics. most frequently the potent loop diuretics, are universally used once flud
retention occurs

The usually recommended doses of loop diuretics will lead to clinical improvement in
the majority of the patients, but 1n some this fails to reduce oedema In patients with
refractory congestive heart failure glomerular filtration rate 1s often significantly
reduced to a level of about 30 ml min due to both prerenal (low cardiac output, renal
vasoconstriction due to sympathetic excitation) and renal (arteriosclerosis) factors [2]

In these cases, conventional doses of loop diuietic appear to be too low to create an ade-
quate concentration of loop diuretic 1n the renal tubule, resulting 1n an insufficient
diuretic response In these patients, administration of high dose furosemide (250 to 4000
mg per day) - supplied either orally or as a mo1e effective continuous intravenous infu-
sion- has been shown to be effective and safe [2,3] However, 1n a few patients with severe
congestive heart failure even chronic therapy with high dose furosemide fails to reduce
the volume of the extracellular compartment to the desired level and again diuretic
resistance ensues A combination of diuretics acting on different segments of the
nephron may then be a possible approach to master diuretic resistance

The synergism between loop diuretics and thiazides have been described 1n several stud-
1es (4-13] However, 1n all studies concerning the synergism of diuretics, loop diuretic
doses were relatively low (1 e oral furosemide dosages lower than 500 mg day')and in
most of these studies renal function was fair While thiazides used as monotherapy are
thought to be no longer effective when the glomerular filtration rate falls below approxi-
mately 25 to 30 ml min' [14,15], there are nevertheless limited data showing that addi-
tion of a thiazide to a loop diuretic increases natriuresis 1n patients with advanced renal
failure [10,16] We studied the effects of the addition of hydrochlorothiazide to high dose
furosemide 1n patients with severe congestive heart faillure who showed an impaired
natriuretic 1esponse to high dose furosemide (2504000 mg), or who were already recelr-
ving the drug 1n combination with a diuretic acting on the collecting ducts
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Table 1 Charactenstics of study patients and diuretic regimes

Patient Sex Age Cause of
no M/F (years) 1illness
1 M 61 CM

2 M 71 CAD
3 M 58 CAD
4 M 64 CAD

5 M 73 CAD +VD
6 M 66 CAD

7 M 69 CAD

8 F 70 VD

9 M 86 CAD
10 M 78 CAD
1 M 83 CAD
12 M 86 CAD
13 M 51 cM

14 F 80 CAD
15 F 81 CAD
16 F 83 CAD
17 M 78 VD

18 M 30 M

19 F 79 vD

20 F 69 CAD

Furosemide
Dosage
(mg day?)
2000 PO
2000 PO
2000 PO
4000V
2000 PO
500 PO
2000 PO
500 PO
4000 IV
1000 IV
500 PO
500 PO
500 PO
20001V
1000 PO
2000 IV
20001V
3000 IV
250 PO
500 PO

Other

Diuretics

(mg day’)

TRIAM 50

SPIRO 50/AMILO 10

AMILO 10
AMILO S/TRIAM 50

SPIRO 100
AMILO 10
TRIAM 50
TRIAM 50
TRIAM 50
AMILO 5

SPIRO 100
TRIAM 50

TRIAM 50
AMILO 10
AMILO 5

HCTZ
Dosage
(mg day?)
100

100

50
50/100
100
25/50/100
50

50

100

25

25

25

25

50

25

25

25

25

25

25

Peniod of
Combination

{days)

15

10

Abbreviations CM= cardiomyopathy, CAD= coronary artery disease, HCTZ= hydrochlorothazide,
VD- valvular disease, PO= supplied orally, IV= supplied imntravenously, TRIAM= tnamterene,

AMILO= amilonde, SPIRO= spironolactone

PATIENTS AND METHODS

After approval of the protocol by the local ethics commuttee, we selected 20 inpatients
(s1x female, 14 male) with severe congestive heart failure (stage III (n=5) or IV (n=15)
according to the New York Heart Association classification) who gave their informed con-
sent for the study, which was performed between December 1989 and October 1994 All
patients had an estimated oedematous mass of at least 5 kg and diuretic resistance
Diuretic resistance was defined as a failure to lose weight and/or create a negative sodr-
um balance despite bedrest, salt and fluid 1intake restricted, a diuretic regime of high
dose furosemide (250 to 4000 mg daily dosage), administered orally or by continuous
imtravenous 1nfusion, either or not 1n combination with potassium sparing diuretics
(triamterene, amiloride and/or spironolactone) All studied patients had been using
high dose furosemide for at least two weeks before the start of the study



Differences in diuretic 1egimes between the patients occurred because they were referred
for treatment by various departments During the study 12 patients used angiotensin con-
verting enzyme 1nhibitors, 1n four patients enalapril was withdrawn soon after its intro-
duction because of progressive renal impairment, while 1n two othel patients enalapril
caused symptomatic hypotension In two others we could retrospectively find no reason
for withdrawal of angiotensin converting enzyme inhibition Ten patients used digoxin
while none used dobutamin and/or low-dose dopamin

The relevant patient characteristics are presented 1n Table 1 Mean age was 70 8 years
(range 30 to 86 years) and the mean body weight at the start of the study was 73 7 kg (55 2
to 96 8 kg) The underlying cause of heart failure was coronary artery disease (n=13),
valvulal disease (n=3), cardiomyopathy (n-3) and a combination of coronary artery disease
and valvulai disease {n=1) The left ventricle ejection fiaction, estimated by cross sectional
echocardiography, was less than 25% 1n all patients

During the entire study the daily dietary sodium intake was limited to 80 mmol and the
fluid intake to 1500 ml Physical examination including measurement of body weight,
supine and standing blood piessures, pulse rate, central venous piessute (determined by
visual inspection of the neck veins [17]) and assessment of oedematous mass was per-
formed daily Patients weic daily interviewed for recognition of side effects The total
daily output of urine was collected for creatinine, sodium, potassium chloride and p1o-
tein measurements Daily blood samples were taken to determine serum sodium, potas-
sium, chloride, bicarbonate albumin, uric acid, creatinine and urea

Monitoring was started at least 2 days days before administration and was continued
until 2 days after withdrawal of hydrochlorothiazide Hydrochlorothiazide, either 50 o1
100 mg (creatinine clearance >25 ml min'173 m 100 mg hydrochlorothiazide, creati-
nine cleatance <25m! min' 173 m 50 mg hydiochlorothiazide), was added, leaving
dosages of other medication (other diuretics included) unchanged Because three of the
patients treated this way, showed signs of dehydration several days after withdrawal of
hydrochlorothiazide, we decided to lower the starting dose to 25 mg hydrochloroth-
1azide 1n an attempt to avold accumulation of hydrochlorothiazide In two patients the
dosage of hydrochlorothiazide was increased during the study, because the at first cho-
sen dose appeared to be ineffecttve Potassium supplements were given when serum
potassium was lower than 3 5 mmol 1"

Patients were treated with combination of high dose furosemide and hydrochlorothiazide
duiing a period varying from 3 to 12 days When the hydration status of a patient was
Judged appropriate hydrochlorothiazide was stopped In two patients the
hydiochloiothiazide medication was discontinued despite tnsufficient weight loss
Because there was an important increase 1n natrturesis, we concluded that in these two
patients weight loss was not achieved due to poor compliance with the dietary restric-
tions

Results aie expressed as mean *SD The Wilcoxon test was performied when the parame-
ters before and after combined treatment with high dose furosemide and hydrochloro-
thiazide were compaied
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Figure 1. Treatment results in a 71 year old man with chronic heart failure (CHF) caused by coro-
nary artery disease (CAD, patient 2)
The lowest panel shows the diuretic therapy: to 2 gram Furosemide (F) per day adminis-
tered orally as the basic regimen, 100 mg hydrochlorothiazide (HCT) was added on 4 con-
secutive days. The fixed dose of spironolactone (50 mg) and amiloride (10 mg) is not
shown.The upper panel shows the daily urine volume (UV), the natriuresis (US) and the
course of the serum sodium (SS) and the serum potassium (SP), respectively. The dotted
horizontal line represents the daily dietary sodium intake. Note that the lowest serum
potassium value was 2.2 mmol. 1! which increased after the potassium chloride intake was
raised to 160 mmol per day, in addition to the potassium sparing diuretics. The upper
middle panel shows the effects of the treatment on the bodyweight (BW) and the central
venous pressure (CVP). The lower middle panel shows the daily creatinine excretion (UCr),
the course of the serum creatinine (SCr) and urea (SU) levels, and endogenous creatinine

clearance (ECC).
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RESULTS

In the period preceding the combination therapy when only high dose furosemide was
administered natriuresis was low 1n most patients indicating that sodium retaining
mechanisms were activated However four patients showed a natriuresis of more than
125 mmol day without weight reduction (range 137 188 mmol 24 h ) which can be
explained by poor complhance with the dietary restriction The low natriuresis in the
other patients (53 £32 mmol 24 h' ranging from 7 to 100 mmol 24 h ) confirms the
diuretic resistance to high dose furosemide A typical example of the effect of the combi-
nation therapy 1s shown 1n Figure 1 The average weight reduction during the five days
preceding the addition of hydrochlorothiazide was 0 6 £1 2 kg (n=17) 1n thiee patients
hydrochlorothiazide was added already 2 days after admission to the hospital because
of the severity of the symptoms Patients were tieated with combination of high dose
furosemide and hydrochloiotlhiazide duiing a period varying fiom 3 to 12 days During
this treatment period body weight 1eduction vaiied fiom 2 2 to 14 0 kg (6 7 +3 3 kg) After
withdrawal of hydrochlorothiazide the longest peiiod of weight stabilization was 1n
excess of 2 weeks 1n 16 patients Duiing the use of combined diuretic theiapy mean frac
tional sodium excretion incieased fiom 3543 2% to 11 529 0 % {p <0 001) (Table 2) After
stopping the administration of hydrochloiothiazide fractional sodium excretion
returned to the previous low level However 1n three patients using either 100 mg or 50
mg hydrochlorothiazide the increased natriuresis lingered on resulting 1n dehydration
more than 2 days after stopping the combination therapy

All patients 1n this study had a reduced renal function Improvement of the hydiation
state of these patients induced a (not significant) reduction 1n endogenous creatinine
clearance (3271225ml min 173m (range44to 110 7ml min 173 m ) priol to com
bination therapyvs 276 £225ml min 173 m (1ange89to 1008 ml min 173 m

after) In six patients correction of the hydiation state 1esulted 1n an improvement of the
endogenous creatinine clearance

Hypokalemia was an impoi tant side effect of the simultaneous administration of high dose
furosemide and hydiochlorothiazide the elevated potassium excietion (65 +33 mmol 24h'
prior veisus 115 #55 during combined administiation) resulted 1n hypokalemia in 15
patients {serum potassium lower than 3 5mmol 1 ) which could only be corrected by
enlarging the potassium intake The lowest mean se1um potassium measured during the
combination therapy was 3 3 +0 5mmol | (ranging from 2 2 to 4 2 mmol 1) It should be
noted that before hydrochlorothiazide was added to the medication most of the
patients already used potassium sparing diuretics (see Table 1) which failed to pievent
the development of serious hypokalemia On average the patients weie muildly hypona-
tremic (mean serum sodium 136 *5mmol 1 (reference value 138 to 144 mmol 1') which
(not significantly) aggravated during the combination theiapy (134 +8 mmol 1')
Although serum uric acid concentration incieased (not significantly) during the com
bined use of high dose furosemide and hydiochloiothiazide (0 67 +0 26 mmol 1' prior
versus 0 79 20 27 mmol 1" post p <0 01) none of the patients developed attacks of gouty
arthritis No side effects 1n paiticular hearing loss or tinnitus were recorded

No hypotensive episodes weie observed during therapy

Eight patients weie 1eallocated from NYHA class [V to I11 as a result of the treatment and one
of five class Il patients improved from class Il to class Il Fourteen patients were fit enough to
be discharged from hospital Fifteen patients died with a mean survival of 122 +129 days
{ranging from 0 to 404 days) after termination of the high dose furosemide and
hydrochlorothiazide treatment Five patients were still alive after a 1 year follow up period
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Di1ScuUSSION

In the past 20 years the synergism between loop diuretics and thiazides has been descri-
bed in several studies [4-13]. However, administration of loop diuretics in these studies
were in relatively low doses (i.e. oral furosemide dosages lower than 500 mg. 24h') and to
our knowledge this is the first study describing this synergism in patients with severe
congestive heart failure and advanced renal failure showing diuretic resistance to high
dose furosemide.

Table 2. Effects of combined administration of high dose furoserude and hydrochlorothiazide

Before During After

Treatment Treatment Treatment
BW (kg) 737  £139 670 +133
BW reduction (kg day") 01 +03* 13 +0.8#
UV(ml.24h") 1899  +958 3065  +925# 2000  *666
Usodsum (mmol. 24 h") 85 +58 206 + 844# 84 +58
Uporassum (Mmol 24 h') 65 +33 115 + 554 83 £33
Uchionde (mmol 24 h') 100 167 243 +94# 116 +65
FeNa (%) 35 32 115 904 2.9 £19
Seodium (mmol 1) 136 t5 134 +8
Spoassium (mmol. 1) 4.1 £0.5 33 +05# 42 +0.7
Schionde (Mmmol 1) 94 +5 86 +8#
Shicarbonate (Mmol 1') 28 +2 33 4
Screaunme (HMoOL 1Y) 148 +69 177 +78
S,reatmmol. 1) 17 6 26 + 108
ECC(ml mun'.173m?) 327 225 276 £225
Saibumm (& T 33.0 52 35.6 +3.9°
Suncaga {(mmol. 11 067 026 0.79 +0.27f

Abbreviations: BW= body weight; UV= urine volume; Us,,,.., €tc= urine electrolyte excretion;

FeNa= fractional sodium excretion; ECC= endogenous creatinine clearance;

Ssodmume ELC= SCTUM cOncentrations

Results are mean + standard deviation

“=p<0.051=p<0.01, # =p<0001, comparred to before treatment with the Wilcoxon-test
“=n=17

The value of serum potasstum during treatment represents the nadir of serum potassium dunng treat-
ment. Administration of potassium supplements was started at a serum potassium value of 35 mmol 1*

Under physiological conditions, approximately 25% of the filtered NaCl is reabsorbed in
the loop of Henle, while 5% to 10% of the filtered NaCl load is reabsorbed in the distal
tubule. However, the distal tubules have the ability to increase NaCl transport capacity
when the delivered load of NaCl in this segment of the nephron increases [18-20].
Furosemide acts from the tubular lumen on the thick ascending limb of the loop of
Henle and blocks the major part of the sodium reabsorbing capacity in this part of the
nephron. As a result, more sodium is delivered to the distal parts of the nephron. In rats
a chronic increment of the sodium delivery to the distal tubules appeared to induce
hyperplasia of the cells and an increase of the sodium transport capacity in this segment
(18,21,22]. It was shown that the sodium retaining capacity of the distal convoluted
tubule was increased substantially after chronic use of loop diuretics and this seems to
be an important cause of diuretic resistance [18,19,21,22].



Administration of high dose furosemide, preferably given as a continuous intravenous
pump 1nfusion, has been demonstrated to be a safe, efficient and controllable method of
overcoming diuretic resistance to usually recommended doses (40 to 250 mg daily dosage)
1n chronic heart failure [2,3] The patients presented here all used high doses of furose
mide (at least 250 mg daily). administered either orally or by continuous intravenous
pump 1nfusion, for at least 2 weeks, prior to combined use of high dose furosemide and
hydrochlorothiazide During this phase, fractional sodium excretion was low 1n all
patients, reflecting diuretic resistance It 1s also possible that diuretic resistance to high
dose furosemide was the result of a decreased tubular excretion of furosemide, because
we did not measure renal furosemide excretion In an animal experimental study it was
shown that triamterene (and not amiloride or spironolactone) inhibits the tubular secre-
tion of furosemide in a non-competetive manner [23] However, 1n the latter study, as well
asn any of the studies on the coadministration of furosemide and triamterene in hu
mans, this coadministration resulted 1n increased natriutesis | 24,25] Therefore, 1t ts
unlikely that administration of triamterene together with high dose furosemide (n=7)
will attribute to the diuretic resistance to high dose furosemide, as observed 1n the
patients 1n this study Another possible cause for this diuretic resistance to high dose
furosemide could be a reduced response 1n the loop of Henle However, the striking na-
triuretic response during combined use of high dosages of fuiosemide and hydio-
chlorothiazide 1n the patients presented here suggests that these furosemide doses are
really able to reduce sodium reabsorption 1n the loop, even after prolonged use

In most of the studies describing the synergism between loop diuretics and thiazides,
the former was combined with metolazone, a diuretic agent which 1s registered 1n only a
few countries in Europe Metolazone 1s structurally related to the benzothiadiazines,
with pharmacologic effects sitmilar to hydrochlorothiazide [14,26] The major action of
hydrochlorothiazide, like other thiazides, 1s from the luminar surface on the distal con-
voluted tubule Used as monotherapy, hydrochlorothiazide has no significant diuretic
effect 1n patients with a considerably 1mpaired renal function (endogenous creatinine
clearance lower than 30 ml min 173m’)[15,26] One patient was subsequently treated
with high dose furosemide alone, hydrochlorothiazide alone and a combination of high
dose furosemide and hydrochlorothiazide (data not shown) Only the latte1 treatment
resulted In an increased natriuresis

For these reasons, 1t seems unlikely that hydrochlorothiazide could by itself account for
the natriuresis during the period of combined use of furosemide and hydrochlorothiazide
in the patients presented Therefore, 1t 1s most probably the increased sodium reabsorb-
ing capacity of the distal tubules and the collecting ducts 1n these patients that causes a
diminished natriuretic response to high dose furosemide Evidence for the presence of
this mechanism 1in humans was found 1n a previous study [27] Animal studies showed
that even the increased sodium reabso1bing capacity of the distal tubule after chronic
furosemide treatment could be almost completely blocked by thiazides [19,28]

Thus, the simultaneous administration of high dose furosemide and hydrochlorothiazide
leads to a decreased sodium reabsorbtion in the loop of Henle and to a block of the
increased sodium transport capacity in the distal tubule resulting 1n a significantly
1ncrease 1n fractional sodium excretion

The addition of hydrochlorothiazide in patients after chronic administration of loop
diuretics (all patients 1n this study used high dose furosemide for at least 2 weeks) instead
of simultaneous introduction of the two diuretic drugs might be even more powei ful
because of the increased sodium reabsorbing capacity of the distal tubule 1n these
patients This increased reabsorbing capacity could also explain why hydrochlorothiazide
1s st1l]l effective 1n those patients with a reduction of the renal function below the level
where thiazides as monotherapy are reported to become 1neffective This observation 1s
confiimed by the results of a recent study, showing that coadministration of thiazides
increased efficacy of loop diuretics in patients with advanced renal failure [16]
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In this study we did not analyze the effects of addition of a diuretic acting specifically on
the proximal tubule to furosemide and hydrochloiothiazide on natriuresis In some of
our patients we observed that the natriuretic effect of the combination of diuretics
desci1bed persisted some days after administtation of hydrochlorothiazide was stopped
Three patients showed signs of dehydiation some days after withdrawal of hydrochlo-
rothiazide and required intravenous ichydration The reason for this prolonged effect
might be the 1educed renal clearance of hydrochlorothiazide in these patients (who all
used 50 mg o1 100 mg hydrochlorothiazide) with an impaiied renal function resulting 1n
alonger half hfe and accumulation of hydrochlorothiazide [26] A better caidiac output
after amelioration of the hydration state or a stronger osmotic diuretic effect of the higher
serum urea are other possible explanations for the impioved natriuiesis after the com-
bined tieatment

It should be emphasized that the combination of high dose furosemide and hydrochloro-
thiazide should only be used under carefully controlled circumstances Besides side-effects
like hyponatremia alkalosis dehydration and loss of renal function hypokalemia shoud be
avolded most of all Daily clinical and laboratory examination should be performed until a
new equilibrium has been achieved The (not significant) 1eduction 1n renal function can be
caused by slight dehydration or by a durect effect of hydrochlorothiazide [29)

Since the appearance of ototoxic side effects 1s positively related to the plasma
furosemide concentration, patients treated with intravenously administered high dose
furosemide and a reduced 1enal function (and thus a 1educed renal clearance of
furosemuide are at risk fo1 ototoxicity [30] On the other hand 1n an eailier study on the
use of high dose furosemide in chronic hemodialysis patients there weie no audiometiic
signs of ototoxicity [31] To avoid ototoxic plasma concentrations the patients in this
study were mainly treated orally and 1n all of those recetving furosemide intravenously
furosemide was administered as a continuous infusion None of the patients 1n this
study complained of heaiing loss or tinnitus However, this study did not comprise an
audiometric evaluation

Left ventricle pe1formance was signtficantly reduced 1n all patients studied They all had
end stage congestive heart failuie with a very shoit life expectancy Whether survival
was pirolonged by combined use of high dose furosemide and hydrochlorothiazide
which 1s merely a symptomatic therapy could not be p1oven because of the absence of a
matched control group The quahity of life was definitely improved by 1educing peripheral
oedema and avoiding symptoms of lung oedema as demonstrated by the reduction 1n
NYHA class On the other hand this therapy may worsen the prognosis Although chron
1c diuretic therapy may lead to a decrease 1n the hyperactivity of the sympathetic ner-
vous system [32], diuretic treatment will cause further stimulation of the renin
angitensinogen system, causing negative hemodynamaic effects [33 35] To reduce these
effects angiotensin converting enzyme inhibitors and diuretics should be used simulta
neously whenever possible Furthermore diuretic therapy can be associated with car-
diac arrest [36]

A further benefit of this combination therapy 1s that an overhydrated state could be
treated without the use of invasive techniques such as hemofiltration hemodialysis or
continuous ambulatory peritoneal dialysis for example to bridge a period to a heart
transplantation asinonce of the patients included 1n this study



In conclusion, we observed that high dose furosemide (500 to 4000 mg daily dosage) and
hydrochlorothiazide have a powerful synergistic diuretic effect in patients with severe conges-
tive heart failure showing diuretic resistance to high dose furosemde despite a significantly
reduced renal function (mean endogenous creatinine clearance 32.7+22.5 ml. min.'1.73m’).
Because of 1ts side effects this combination therapy should only be used in a carefully con-
trolled setting and should be reserved for a selected group of patients not responsive to other
diuretic regimes.
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CHAPTER SIX

THE NATRIURETIC EFFECT OF FUROSEMIDE IS NOT
PRESERVED BY COADMINISTRATION OF
HYDROCHLOROTHIAZIDE IN HEALTHY VOLUNTEERS

Tom P.J, Dormans, Paul G.G. Gerlag, Frans G.M. Russel, Yuen Tan and Paul Smits
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ABSTRACT

Aims: The study was designed to evaluate whether the decline 1n natriuresis during
chronic administration of furosemide, can be avoided by coadministration of a thiazide
drug

Methods: Unnary sodium excretion (imean +SD) during 5 h after an intiavenous injection of
furosemide 40 mg was measured on three separate occasions without pre-treatment, and, - 1n
a double-blind randomized crossover fashion,- after a two-week pretreatment period with a
combination of furosemide 20 mgb1d taken orally and a single daily oral dose of placebo,
and after a two-week pretreatment period with furosemide 20 mgb1d taken o1ally in addi-
tion to a single daily oral dose of hydrochlorothiazide 25 mg

Results: Pretreatment with furosemide reduced the mean natriuretic response to this
drug (267 mmol (95% CI 252-282 mmol) without pretreatment vs 218 mmol (95% Cl 194-
242 mmol) after pre-ticatment with furosemide and placebo (p<0,05)

This reduction could not be prevented by coadministiation of hydiochlorothiazide
(233 mmol (95% CI 217-249 mmol), p<0.05)

Conclusion: Coadministration of hydrochlorothiazide does not preserve the natriuretic
effect of furosemide 1n healthy male volunteers



INTRODUCTION

It 15 well established that after chronic administration of furosemde, the natriuretic
response diminishes [1-3] This decrease 1s often referred to as braking phenomenon |4]
Adaptations in both the proximal tubule and the distal convoluted tubule contribute to
the dechine 1n natriuretic effect of furosemide Both animal and human studies indicate
that the sodium reabsorbing capacity of the distal convoluted tubules increases during
chronic furosemide administration |5-7] This increased sodium absorption may com-
pletely offset the natriuretic effect of loop diutetics, causing diuretic resistance

In animal studies 1t was shown that thiazide diuretics can block sodium transport capaci
ty of the distal convoluted tubules completely, even after chronic furosemide administra-
tion Moreover, use of thiazides may inhibit the increase in sodium 1eabsol bing capacity
of the distal convoluted tubules duiing chronic furosemide admunistration |8] This
means that the development of diuretic 1esistance to loop diuretics may be prevented or
postponed by concomitant administration of a thiazide Whether thiazides can actually
limit the 1ncrease 1n sodium reabso1 bing capacity of the distal convoluted tubules during
chronic treatment with furosemide 1n humans 1s still uncleal

Therefore we hypothesized that, if adaptations 1n the distal convoluted tubules con-
tribute importantly to the decline of natriuresis during chionic administration of
furosemide, the natriutretic response can be preserved by coadministration of a thiazide
drug

METHODS

Subjects

Seven healthy male volunteers ranging 1n age from 22 to 40 years (mean 29) participated
1n the study after appioval of the Ethics Committee of University Hospital Nymegen A
routine biochemical assessment (including serum minerals, BUN, creatinine and uric
acid) was performed at the start of each of the three parts of the study Results were with-
1n normal hhmits 1n all participants and no significant differences were observed
between the determinations on each of the three study days Weight and blood pressure,
also determined on each of the three study days, did not change either
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Table 1 Body weight, serum electrolytes, serum uric acid, BUN, creatimne clearance, and cumula-
tive urinary excretion of sodium and furosemide (F) 1 a 5 h and 24 h urine sample,
following intravenous administration of 40 mg furosemide without pretreatment,
after a 14 day oral pretreatment with furosermide (20 mg b1d ) and placebo, and after
a 14 day oral pretreatment with furosermide (20 mg b 1 d ) and hydrochlorothiazide (25 mg)
Values are presented as mean +SD

o pretreatment pretreatiment pretreatment
E+P F+HCTZ

Body weight (kg) 80 110 79 +10 81 110
Serum Sodium (mmol 17) 141 £1 139 +2 140 2
Serum Potassium (mmol 1') 40 302 40 02 39 02
Serum Chloride (mmol 1%) 105 12 105 £3 107 +3
Serum Calcium (mmol 1') 227 0 07 227 007 224 +0 06
Serum Magnesium (mmol | ) 081 0 05 080 0 05 084 003
Serum uric acid (mmol 1') 034 2004 038 +0 07 040 011
Serum phosphate (mmol 1') 104 0 09 101 1009 095 30 18
Serum urea (mmol 1) 59 +09 60 $12 68 08
Creatinine clearance (ml min '} 126 118 124 +14 129 120
U-ya 5 h (mmol) 267 %20 218 +33° 233 +22°
U-va 24 h(mmol) 304 44 301 52 312 33
U_purosemide 5 h (M) 285 %15 286 10 280 04
U Furosimde 24 h (mg) 280 £20 301 +13 298 07

“p<0 05 vs no pretreatment

During the study volunteers were not placed on a standard diet Volunteers were not
allowed to drink coffee, tea or alcohol thioughout the study days

Study protocol

The study was performed 1n a double-blind randomized placebocontrolled crossover fashion
The study consisted of two treatment periods Subjects were randomized to receive either two
oral doses of 20 mg furosemide (8 a m and 5 p m ) and one single oral dose of placebo (8 am ),
or two oral doses of 20 mg furosemide (8 am and 5 p m ) and one single oral dose of
hydrochlorothiazide (25 mg) (8 a m ) Medication was used for 14 days 1n each of the two
arms of the study On day 15 no medication was used On day 16 after an initial bladder voiding
40 mg furosemide was 1njected intravenously as a bolus Urine was sampled by asking volun-
teers to void at 30, 60, 90, 120, 180, 240 and 300 minutes after administration of furosemide
Urine losses of each penod were replaced volume for volume by a combination of intra-
venous saline solution and tap water during the subsequent pertod After 5 h the subjects
went home and collected urine from 5 to 24 h Sodium and furosemide concentrations
were determined 1n each of the urine samples To prevent photochemical degradation of
furosemide, urine samples were protected against ight After a washout period of at
least two weeks the crossover mode of treatment was performed 1n an 1dentical way
Adherence to the described regimen was checked by collection of urine samples over
24 h on day 2 and day 14 for measurement of furosermde and hydrochlorothiazide
Hydrochlorothiazide concentrations were also determined 1n the urine samples over 24 h
on day 16



In order to visualize the decline 1n the natriuretic response to furosemide after chronic
treatment with this drug, we also investigated the natriuretic response to furosemide
without pretreatment To this end. the natriuretic response to a single intravenous injec-
tion of furosemide 40 mg was investigated This test was separated from the treatment
periods by at least two weeks

Urine furosemide concentrations and urine hydrochlorothiazide concentrations were
measured according to previously described methods [9,10]

For the statistical evaluation, Student’s ¢ tests for paired data were used at the 5% signifi-
cance level

RESULTS

Body weight, serum electrolytes (sodium, potassium, magnesium, calctum, phosphate},
serum uric acid, creatinine clearance and urine furosemide recovery (both 5 h and 24 h)
after intravenous bolus 1njection of furosemide on day 16 of the two treatment periods did
not differ sigmificantly from the baseline measurements (see also Table 1) The recovery of
furosemide and hydrochlorothiazide in the 24 h urinary output confirmed compliance
with the medication intake No traces of hydrochloiothiazide were detected 1n the urinary
output on two treatment days

Figure 1 Mean (£SD) cumulative urinary sodium excretion after intravenous injection
of 40 mg furosemide 1n seven healthy volunteers Cumulative sodium excretion was
measured at three separate occasions without pretreatment (Control), after oral pre
treatment during two weeks with furosermide 20 mg b1 d and one single daily dose of
placebo (Furosemide + Placebo), and after oral pretreatment during two weeks with
furosemide 20 mg b 1d and one single daily dose of hydiochlorothiazide
25 mg (Furosemide + HCTZ)

Cumulative sodium excretion (mmol}

250 W
200 W
150 4
w —a— Furesemide + placebo
100 1
—@— Furosemide + HCTZ
50 | —a— Control
Y + + +— ~+ + —
0 30 60 90 120 180 240 300

Time({min)

Figure 1 presents the cumulative natriuresis (mean +SD ) during 5 h after intravenous
administration of furosemide The mean urine sodium excretion decreased significantly
after both treatment periods when compared with baseline measurements 267 mmol
{95% CI 252-282 mmol) versus 218 mmol (95% CI 194-242 mmol, p<0,05) after pretreat-
ment with furosem:de and placebo and 233 mmol (95% CI 217-249 mmol, p<0 05) after
pretreatment with furosemide and hydrochloiothiazide Urine sodium excretion after
intravenous bolus injection of furosemide did not differ significantly, when comparing
the two pretreatment schedules
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DISCUSSION

This study convincingly shows that chionic treatment with furosemide reduces the natri
uretic response to this diug This reduction 1n natriuretic effect could not be prevented by
cotreatment with a thiazide diuretic There are a number of possible explanations why 1n
oui study hydrochlorothiazide exerted no preservative effect on the natriuietic effect of
furosenmude Firstly, two weeks of fuiosermide administration may indeed induce adapta-
tion of the distal convoluted tubules i1n healthy subjects, leading to a decreased natiiutetic
response to furosemide However, 25 mg of hydrochlorothiazide dosed once daily may be
msufficient to prevent adaptation of the distal convoluted tubulai cells in healthy volun-
teers In climical studies with patients, suffering from heart faillure and treated chronical-
ly wath furosemide, addition of 25 mg of hydiochlorothiazide caused a dramatic
1mcrease 1n natiuresis, consistent with the ability of hydrochlorothiazide to block the
sodium reabsoiption 1n the hypertrophied distal convoluted tubules of these patients
|11-14] However, neither these studies, no1 any other human study proves that addition
of hydrochlorothiazide may prevent adaptation of the distal convoluted tubules
Moreover, the dose-response 1elationship remains unknown

Secondly, tn our subjects alterations 1n sodium reabsorbing capacity of the distal convo-
luted tubules may not have occurred and the differences in natriuretic effects between
the baseline measurements and the measurements following chronic administration
may have been caused by mechanisms that are not influenced by the addition of
hydrochloiothiazide e g adaptations in the proximal tubule or 1n the cortical collecting
tubule

In animal studies examining the adaptation of the distal convoluted tubules during con-
tinuous mfusion of furosemide, dramatic hypertrophy of cells of the distal convoluted
tubules and increased sodium reabsorbing capacity was observed after one week of
furosemide 1nfusion [5,6] In humans 1t 1s unknown how long and at which dose furc-
semide should be administered before these structural and functional changes 1n the
distal convoluted tubules are induced In one human study indirect data indicated the
presence of functional adaptation of the distal convoluted tubules after one month of
furosemide administration [7] So 1t 1s possible that two weeks of furosemide administra-
tion may be too shoit to induce functional adaptation of the distal convoluted tubules

Another explanation could be that the chosen dose schedule of furosemide may be
1mnadequate In animal studies furosemide was administered as a continuous 1nfusion [6)
By giving furosemide as two single oral dosages the drug-free interval may become too
long to 1nduce an adaptation of the distal convoluted tubules However, in the human
study by Loon et al furosemide, administered as two separate oral doses (40 mg b 1d ) obvi-
ously resulted 1n an 1ncrease of sodium reabsorbtion at a thiazide sensitive segment of
the nephron such as the distal convoluted tubules [7]

Finally, adaptation of the distal convoluted tubules may have been missed 1f the process
of adaptation 1s rapidly reversible Because of the elimination half life of hydrochloro-
thiazide, natriuretic effects of furosemide could only be analyzed approximately 40 hr
after the last admunistration of hydrochlorothiazide

We conclude that in healthy volunteers the natriuretic effect of furosemide decreases
after chronic administration However, 1n this study coadministration of hydrochloio-
thiazide with furosemide did not prevent the decrease 1n the natriuretic response to
furosemide

This study was suppoi ted by a grant of Hoechst-Roussel, The Netherlands



oW

REFERENCES

Hammuatlund M.Paalzow 1K Acute olerance development 1o the diaretic ellect ol furosermide in the tat

Hiopharm Drug Dispos 1985 6 9 21

I 1hson DH The phvsiologic basis of diutetic svnergism 1ts role 1n ticanng diutetic tesistance Ann Intern Med 1991 114 886 894
Brater DC Resistance 10 loop diutetics Wh 1t happens and whai to do about 1t Drugs 1985 30 427 443

Wilcon OS5 Mitch WT kel R ctal Response of the kidney o lurosenide [ 1 Hects ol salt mtake and 1endl compensation
Jlab Clin Med 1983 102 450 458

Stanton BA kasshing B Adaptanion ol distal tubule and collecting duct to increased Nadelivery 11 Na+ and Kt transport

Am | Phvsiol 1988 2551126911275

Ilison DH Velazques HWnight 1S Adaptauon of the distal convoluted tubule of the rat Suructural and lunctonal effects of
dictary salt intake and ¢chronie dincuc infusion J Chin lnvest 1989 83 113 126

Toon NR Wilcon €S Unwin R| Mechanism ol impaired natiurctic response to lurosc mide during prolonged thetapy

Kidnev Int 1989 36 682-689

Morang P Velazquez 11 Wright FS T llson DI Adaptation of distal convoluted tubule of rats 11

Tffects ol chironic thiazide infusion Am | Phiysiol 1991,261 11371143

Russel IGM Lan Y Mevel van JIM Gubnau IW| Ginneken van CAM Sohid phase extraction of futosemiide from plasma and unine
and subsequent analvsis by igh petformance iguid chromatogiaphy JChromat 1989 496 234 241

Koopmans PP Lan Y van Ginncken CAM Guibnau TW] 1Thigh performance liquid chromatographc determimation ol 12
Tivdrochlorothiazide 1o plasma and unie | Chiomat 1984 307 445 450

Dormans 1P] Garlag GG Combinanion of higeh dose furosenide and lndrochlorothrazide in the tcatment of reftaciony
congestive haantlatluce Cur Heart | 1996 17 1867 1874

Gunstone RI Wing Al Shant LG, Njemo D Sabuka LM Chinic il experienee with metolazone in filty two African patients
synetgy with frusennde Postgrad Med | 1971 47 789 793

Lpstetn MR [epp BA Tlollman Al evinson R Potentiation of furosemide by metolazone in reliactorny edema

Cun1 Ther Res 1977 21 656667

Channer KS Richardson M C1ook R Jones Vv Huaados with loop diwrenics fon savere congestive heart latlure

Lancet 1990 345922923

[}
-

SISINIIBU PIINPUI-IPILSSOIN) JO UOIIRAIISII]



rm Diuretic, vascular and ototoxic effects of high dose furosemide



CHAPTER SEVEN

COMBINATION DIURETIC THERAPY

IN SEVERE CONGESTIVE HEART FAILURE

Tom P.J. Dormans, Paul G.G. Gerlag, frans G.M. Russel and Paul Smits

Drugs 1998;55:165-172
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SUMMARY

Severe congestive heart failure 1s often characterized by fluid 1etention A (chronic) state
of overhydration influences has a negative influence on both the quality of life and the
prognosis of these patients Therefoie, the use of diuretics remains a cornerstone in the
treatment of heart fallure However, diuretic resistance, a failure to correct the hydra
tion state adequately with the use of conventional dosages of loop diuretics. 1s a fre-
quently occurring complication in the treatment of advanced stages of congestive heart
fallure

Several 1nt1a- and extrarenal mechanisms may be 1nvolved in the development of diuretic
resistance Animportant pathophysiological mechanism leading to diuretic resistance
seen after chronic use of loop diuretics 1s the functional adaptation of the distal tubule
Studies 1n animals demonstrate that the sodium reabsorption capacity of this nephron
segment increases significantly when the sodium delivery to this segment 1s augmented,
as 1s the case during administration of loop diuretics

The use of combinations of diuretics acting on different segments of the nephron
appears to be an effective option 1n the treatment of diuretic resistance Several combi-
nations have been used, however, the combination of a loop diuretic and a thiazide drug
acting on the distal tubule appears to be the most effective However, since the use of
this combination may lead to serious adverse effects such as hypokalemia, metabolic
alkalosis and dehydration, caieful monitoring of the patient on combination diuretic
therapy 15 necessary



INTRODUCTION

Heart failure 1s a major health problem [1,2], and 1ts incidence 1s expected to further
increase 1n the next decade [3] Since no culative therapy 1s currently available for the
majority of patients, the goals of treatment are to improve quality of life and to postpone
progression of the disease [4| Although important advances 1n the pharmacological treat-
ment of heart failure have recently been achieved, 1t 1s still inevitable that a considerable
number of patients will progress to the advanced stages of this disease

The clinical picture of advanced stages of heart failure 1s often dominated by the pres-
ence of oedema and congestion, causing symptoms of dyspnoea, fatigue, nausea and dis-
comfort Moreover, chronic congestion contributes to further progression of the disease
|5.6] For these 2 reasons, maintenance of an adequate state of hydration 1s very impor-
tant This 1s usually achieved by use of loop diuretics 1n combination with a salt restric-
tion and a limitation of physical activity Howevet, as the disease progresses, oedema
may 1eoccur despite these measures In some of these cases, the decrease 1n efficacy of
diuretic therapy appears to be caused by diuretic resistance, a phenomenon that can be
defined as the failure to create a negative sodium balance despite the use of conventional
dosages of furosemide (frusemide) (250 mg per day or an equivalent amount of anothet
loop diuretic), a sodium restricted diet (60 to 80 mmol sodium per day) and restriction of
physical activity The mechanisms responsible for diuretic resistance are very diverse
(Table 1) In decompensated heart failuie, intestinal absorption of orally administered
furosemide may be altered, causing tnadequate concentrations of loop diuretic on the
site of action [7] Decrease of renal perfusion due to various causes 1esults 1n a decrease
of the capacity of the proximal tubule to secrete furosemide and/o1 bumetanide into the
urine (8] Endogenous acids and non-steroidal anti-inflammatory drugs compete with
loop diuretics for secretion into the tubule by the o1ganic acid pump 1n the proximal
tubule [9]

In clinical practise the use of combinations of diuretics acting on different segments of
the nephron, often referred to as sequential nephron blockade, has shown to be highly
effective 1n the tieatment of diuretic resistance 1n congestive heart failure [10] Recent
studies give 1nsight 1n to some of the pathophysiological mechanisms involved 1n diuretic
resistance In this article, we focus on the mechanisms that explain the synergism of com-
binations of diuretic drugs 1n severe heait failure, indications for their use and adveise
effects

MECHANISMS OF DIURETIC RESISTANCE

Under physiological conditions sodium reabsorption takes place 1n all segments of the
nephron In the proximal tubule, 60 to 70% of the filtered sodium 1s reabsorbed, in the
loop of Henle, the distal tubule and 1n collecting tubule 20 to 25%, 5 to 10% and only 3%
of the filtered sodium, 1espectively, This means that more than 99% of the filtered sodi-
um 1s usually reabsorbed 1n the tubular system [11] However, 1n heait failure, with or
without diuretic therapy, these numbers are different Several mechanisms account for
the varying contributions of the nephron segments to the sodium reabsorption

Sodium reabsorption in heart failure

In heart failure, the absolute amount of sodium that 1s filtered may be decreased due to
reduced renal perfusion 1n a state of low cardiac output Secondly, heart failure 1s char-
acterized by activation of both the renin-angiotensin system and the sympathetic stimu-
lation In heait failure the filtration fraction 1s increased, which 1s mediated by vasocon-
striction of the efferent arteriole
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This vasoconstriction 1s mainly induced by an incieased intrarenal production of
anglotensin I [12] As a result, transcapillary hydrostatic pressure and oncotic pressure 1s
decreased, causing increased sodium and water reabsorption 1n the proximal tubule
Moreover, Angiotensin Il may exert a direct sodium-retaining effect on the proximal
renal tubule [13,14], and 1t increases sodium reabsorption indirectly 1n the collecting
ducts by an upregulation of aldosterone secretion Although the use of angiotensin-con-
verting enzyme (ACE) inhibitors 1n heart failure 1s advocated anglotensin Il levels are
often insufficiently decreased in patients with severe heart failure due to intolerance of
adequate dosages of ACE-1nhibitors

Catecholamines directly induce an 1ncrease of sodium reabsorption by several mecha-
nisms they stimulate sodium reabsorption 1n the proximal tubules, indirectly stimulate
this reabsorption by stimulation of renin release, and reduce renal perfusion as a result
of their vasoconstrictive effects on the afferent arterial system [15-17] Other mecha-
nisms that play a role 1n the development of volume overload are the stimulation of the
cerebral thirst centre by angiotensin and the enhanced release of antidiuretic hormone
1n end stage heart failure (5]

Table 1 Causes of treatment farlures with conventional dosages of loop diuretics 1n patients
with decompensated heat t fatlure

Inoncompliance with medical regimen:
Nonadherence to sodium restriction
Nonadherence to drug regimen

I True diuretic resistance
11 A Pharmacokinetic causes
Altered 1ntestinal absorption of the loop diuretic
Decreased renal perfusion due to
*low cardiac output
s atherosclerosis, renal artery stenosis, cholesterol embol
* hypovolemia
» decreased filtration fraction (e g due to use of ACE inhibitors or NSAIDs)
Reduced tubular secretion
* nefrologic pathology
«hypovolemia
» competitive inhibition by NSAIDs, probenecid, endogeneous acids
(renal 1insufficiency, gout)

11 B Pharmacodynamic causes
Adaptation of distal convoluted tubule to chronic use of loop diuretics

Abbreviations ACE=angiotensin-converting enzyme, NSAID=non-sterordal anti inflammatory drug

In addition to activation of sodium retaining mechanisms, the natriuretic effects of atri-
al natriuretic peptide are attenuated 1n heart failure [5]

These mechanisms may all contribute to the sodium 1etaining state (and thus the devel-
opment of oedema) that characterizes the advanced stages of congestive heart failure
Due to activation of the sodium retaining mechanisms in severe heart failure, loop
diuretics are less effective, and so dose-response curves of loop diuretics are shifted
downward and to the right 1n patients with congestive heart failure 18] In a number of
these patients, an extreme activation of the described sodium retaining mechanisms
may thus cause diuretic resistance



Pharmacodynamic effects of diuretics
The admtnistration of loop diuretics has a number of effects

Loop diuretics inhibit the Na K-2Cl cotransporter from the luminal site of the thick
ascending limb of the loop of Henle, thereby blocking the sodium reabsorption 1n
this segment of the nephron almost completely Usually an increased urinary sodium
excretion will follow

When the commonly used inter mittent dosing schedules of loop diuretics are used,
no diuretic drug 1s available at the site of action during a considerable part of the
dosing interval In this so called ‘post-diuretic phase’ sodium 1s avidly reabsorbed,
resulting 1n a rebound sodium retention 1n the nephron Moreover, the natriuretic
effect of loop diuretic 1s attenuated after repeated dosages while the patient 1s on a
salt restricted diet {19] Both these observations can not completely be explained by
enhancement of sympathetic simulation and further increase of the activity of the
renin-angiotensin-aldosterone axis (20| However to pievent activation of the latter
1n heart failure, diuretics are combined with ACE-inhibitors, wheneve1 possible

By blocking the sodium reabsorption 1n the loop segment, loop diuretics cause an
increase 1n tubular sodium concentration at the level of the distal convoluted tubule [11]
In studies 1n rats, 1t was shown that high rates of sodium delivery to the distal convo-
luted tubule, induced by chronic furosemide infusion caused a hypertrophy of this
segment of the nephron that was associated with an increased capacity to reabsorb
sodium [18-20] These morphological and functional changes weie observed afte1 one
week of fuiosemide infusion Although the exact mechanisms involved 1n these
structural and functional adaptations are unknown, 1t was hypothesised that cellu-
lar sodium concentrations regulate tubular cell growth directly [24] Data obtained
from a human study indicate that these adaptations to chronic furosemide admims-
tration also occur 1n humans [25] This mechanism may explain why the diuretic
efficacy of loop diuretics after chionic administration attenuates 1n heart failure

Thiazides are able to block essentially all sodium reabsoibtion 1n the distal convoluted
tubule, even after hypertrophy has occuried [26] This means that thiazides aire highly
effective when both the sodium reabsorbing capacity of the distal tubule and the sodium
delivery to the distal tubule are increased as 1s the case after chronic administration of a
loop diuretic It explains the synergistic natriuretic effect of loop diuretics and thiazides
On the other hand, chronic administration of thiazides induces a 1eduction of the sod1
um reabsorption capacity 1n this pait of the nephron [23] This observation indicates that
functional adaptations due to increased sodium delivery 1n the distal tubule may be
avoided or corrected by admunistration of thiazides
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WHAT DIURETIC COMBINATIONS ARE USEFUL?

Many different combinations of diuretic drugs have been described 1n the past three
decades In nearly all of the described combinations loop diuretics form the basis of com
bination therarapy Although the two most widely used loop diuretics, furosemide and
bumetanide, differ with respect to pharmacokinetic properties, the difference 1n overall
response to equipotent amounts of these drugs 1s subtle and pi1obably of no clinical rele-
vance 1n patients with congestive heart failure[27] In the following we discuss most of
the possible combinations of drugs Diuretic drugs currently available and their site of
action 1n the nephron include

= acectazolamide, theophylline and mannitol (p1oximal tubule),

» ethacrynic acid, furosemide, bumetanide, torasemide and piretanide (loop of Henle),

* hydrochlorothiazide, chlorothiazide, bendroflumethiazide, chlorthalidone and
metolazone {distal convoluted tubule),

* amiloride, triamterene and spironolactone (collecting duct)

As a general rule, combinations of two diuretic drugs acting on the same segment of the
nephron will not result 1n a synergistic effect and thercfore should not be combined

Loop and proximal diuretics

Few studies have been done exanuning the combination of a loop diuretic with a drug
acting on the proximal tubule Sigurd and Oleson established that the proximally acting
phosphodiesterase inhibitor aminophylline (theophylline ethylenediamine) 1n combina-
tion with long term treatment with bumetanide 2mg 3times daily 1n patients with con
gestive heart failure, produced a synergistic effect Addition of the proximally acting
diuretic drug appeared to be superior to monotherapy with bumetanide given 1n a daily
dosage of up to 6 mg |28] It should be noted that theophylline has not only diuretic prop
erties, but also 1notropic and chronotropic effects, which may contribute to the improve-
ment of natriuresis 1n congestive heart faillure However, the use of theophylline as a
diuretic drug 1n heart failure may be limited by 1ts chronotropic effects

In a recent study, 1t was established that coadministration of the carbonic anhydrase
inhibitor acetazolamide, to heart failure patients with an 1inadequate natiiuretic
response to furosemide, was very effective [29]

These studies clearly show that the combination of a loop diuretic and a diuretic acting
on the proximal tubule has synergistic diuretic effects in the acute phase However, no
mformation 1s currently available on the efficacy of this combination when applied on a
long term basis Moreover, It has not been established whether treatment with diuretics
acting on the proximal tubule induces structural and functional changes in the down
stream segments of the nephron

Loop diuretic and diuretic acting on the distal convoluted tubule

Many clinical studies report the synergistic effect of loop diuretics and thiazides or thiazide-
like drugs 1n congestive heart failure [3042] The guidelines of the American College of
Cardiology /American Heart Association and the European Society of Cardiology on the
treatment of heart failure recommend the use of this combination 1n case of diuretic
resistance to a loop diuretic |1,43] As described above, the mechanism behind this syner
gism consists of the functional adaptations in the distal tubule following chronic admini-
stration of a loop diuretic [21,23,44] Many different thiazide and thiazide-like drugs have
been used 1n combination with a loop diuretic Most of the published data relates to meto-
lazone However, comparisons of thiazides with respect to their efficacy when used 1in
combination therapy are sparse [45] On the basis of the available literature, thiazide drugs
are equally effective



Used as monotherapy, thiazides are 1neffective at glomerular filtration rates <30 ml min'
However, coadministration of thiazides increases the efficacy of a loop diuretic 1n patients
both with and without renal failure [35,41,42]

Loop diuretic and collecting duct tubule

Addition of triamterene or amiloride to a loop diuretic appears to have a imited eftect on
natriutesis, probably because the sodium reabsorbing capacity of the collecting duct
tubule of the nephron 1s small [11] On the other hand, coadministration of spironolac-
tone (100 mg once a day) 1n congestive heart failure refractory to high dose bumetanide
(10 mg per day), impioved natriuresis significantly [46]

INDICATIONS FOR COMBINATIONS OF DIURETICS IN HEART FAILURE

In case of an 1nadequate 1esponse to diuretics 1n a patient suffering from heait failure a
stepwise evaluation may help to find the cause of 1t

* Isthe patient 1eally overhydrated? A careful physical examination usually will
answer this question During long term follow-up of a patient body weight 1s a very
important parameter

* Ensure that there are no causes for oedema other than heart faillure Hypoalbumi-
nemia and other causes of heart failure, that need to be treated by other means (e g
valvular disease or {(constrictive) pericarditis) need to be excluded

* How s patient compliance to the medical regimen” It should be emphasized that
adherence to a sodium-restricted diet 1s essential for the success of diuretic treat-
ment This can be evaluated by determiination of urinary sodium excretion If the uri-
nary sodium excretion exceeds 100 mmol per day, without any concurrent body
weight change, poor compliance with dietary therapy (and not diuretic resistance) is
the cause of persistent oederna When poor comphance with drug intake 1s suspec-
ted,urinary drug excretion may be evaluated

*  When noncompliance with the medical regimen 1s excluded, diutetic resistance 1s
1dentified as the cause of therapy-resistant oedema

When diuretic resistance 1s present, improvement of the efficacy of the loop diuretic
prescribed could be the next step

* Increase the dosage of the loop diuretic Large doses of loop diuretics (daily oral
dosage up to 2000 mg) have shown to overcome diuretic resistance [47] Many clini-
cians feel reluctant to use such high dosages of diuretics, because of the potential for
ototoxicity [48] In our experience, however, irreversible ototoxic side effects only
occurred after coadministration of aminoglycosides In addition, audiometric evalua-
tions have revealed that short term completely reversible ototoxic side effects
occurred significantly more frequent after administration of intravenous bolus 1njec-
tions of furosemide than after administration of an equal dosage as a continuos
intravenous infusion (Dormans et al, unpublished data)

* Administer the loop diuretic two or three times a day This strategy reduces the drug-
free 1ntervals, and thus the post-diuretic sodium retention [49,50] However, i1ncon-
venience due to frequent nocturnal voiding should be avoided
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When the effect of these steps 1s 1nsufficient several therapeutic strategies are to be
considered

* Intravenous administration of a loop diuretic increases 1ts bioavailability The
amount of drug delivered to the site of action will be increased Because the time
course of delivery 1s an important determinant of the efficacy, a continuous intra-
venous infusion 1s more efficacious than intravenous bolus injections [51 53| Ina
recent study 1t was reported that administration of bumetanide as a continuos infu-
sion triggered less braking than an equal dosage administered as a seperate 1ntra-
venous bolus 1njection [54] In other words, the diuretic efficacy 1s better preserved
when using a continuous intravenous infusion However, intravenous administration
usually makes admission to a hospital necessary

» Combinations of diuretics are highly effective, but may cause severe metabolic dis-
turbances Hypokalemia must be avoided Other important adverse drug effects are
hyponatremia, dehydration and metabolic alkalosis This makes frequent control
and monitoring of serum electrolytes necessary, especially 1n the first weeks after
addition of the thiazide to the loop diuretic In addition, 1t should be remembered
that use of combination diuretic therapy may cause too rapid a loss of fluid
resulting 1n hypotension and dehydiation A too vigorous dehydration may result in
a temporary decrease of the effective circulatory volume This may cause hypotension
and deterioration of renal function Therefore, in addition to serum electrolytes and
body weight, renal function and blood pressure also should be monitored Finally,
nonminvasive assessment of the central venous pressure 1s of value as a valid indicator
of the state of hydration

» Itis necessary to tailor the treatment to each individual patient to achieve a gradual
reduction of oedema For these reasons, hospital admission of the patient 1s pre
ferred when adding a thiazide drug to a loop diuretic

Although 1t 15 generally advocated to increase the dosage of the loop diuretic to the max
mmum recommended dosage (240 mg fuirosemide per day or an equivalent dosage of
another loop diuretic), other strategies have been proven to be succesful, firstly, the addi-
tion of a thiazide to a low dosage of a loop diuretic 1n case of an inadequate response to
the latter (55| The theoretical advantage of early introduction of a thiazide in the course
of development of diuretic resistance 1s that the thiazide may avoid functional and struc-
tural adaptations 1n the distal convoluted tubule or reverse them at an early stage (23] A
variation on this treatment schedule 1s the intermittent addition of thiazides, e g twice
a week Titration can be achieved using body weight changes as the most important
parameter {10] Secondly, monotherapy with high dose furosemide (daily dosages varying
from 2504000 mg) has been shown to be safe and effective [47.56] Addition of a thiazide
to these high dosages furosemide has been shown to be a powerful diuietic tool 1n
patients with severe congestive heart failure [42]

In cases where even the combined use of a loop diuretic and a thiazide fails to reduce
the extracellular volume to the desired level, there are still some alternatives By addi-
tion of a inotropic drug, e g dobutamine or milrinone, improvement of cardiac output
can be achieved This may lead to an increase of the amount of filtered sodium Secondly,
extracorporal techniques (hemofiltration, hemodialysis, peritoneal dialysis) may lead to
short term 1mprovement and restoration of diuretic responsiveness [57-59] However, 1n
our opinion the results of the chronic intermittent use of hemofiltration and hemodialy-
s1s were disappointing, and therefore should be reserved for remediable cases of heart fail-
ure or as a bridge to heart transplantation {60]



CONCLUSIONS

The combined use of a loop diuretic and a diuretic acting on the distal convoluted tubule
has been shown to be a very powerful tool in the treatment of diuretic resistance to con-
ventional therapy in congestive heart failure. However, adverse effects, especially hypo-
kalemia, necessitate frequent control and monitoring of serum electrolytes and the clini-
cal condition of the patient after initiation of this therapy. An important mechanism
behind this diuretic synergism is the functional adaptation of the distal convoluted
tubule after chronic administration of loop diuretics.
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CHAPTER EIGHT

VASCULAR EFFECTS OF LOOP DIURETICS
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ABSTRACT

Although 1t1s generally believed that the beneficial effect of loop diuretics 1s the result of
a rapid increase 1n druresis, substantial evidence, from a large number of 1n vitro and 1n
vivo experiments, has accumulated, showing that administration of furosemide causes
direct vascular effects, which probably contribute to i1ts acute clinical effects

Several mechanisins are 1nvolved 1n the vascular response to loop diuretics The role of
the renin-angiotensin-aldosterone axis, prostaglandins and the direct vascula1 effects of
loop diuretics on both the arterial and venous parts of the vasculature ate discussed



IINTRODUCTION

Diuretic therapy has proved to be effective 1n the treatment of acute and chronic heart
faillure The potent loop diuretics furosemide and bumetamide are frequently used 1n
the treatment of disease states characterized by fluid and sodium retention After intra-
venous administration of furosemide, clinical relief of symptoms often precedes the
increase 1n diuresis 1n patients with acute heart fallure suggesting the presence of an
extrarenal effect Although 1t1s generally believed that the beneficial effect of loop
diuretics 1s the result of a rapid increase 1n diuresis, substantial evidence, fiom a large
number of 1n vivo and 1n vitro experiments, has accumulated showing that admimistra-
tion of furosemide causes vascular effects, which probably contribute to its acute chinical
effects

At first sight the reports on the vascular non-diuretic effects of furosemide seem conflicting
However a great deal of the disparity in the results seem to be due to differences in the
vascular bed studied (artenal or venous, renal or pulmonaiy, etc) the species studied, the
timing (acute vs chronic effects), systemic vs local effects, direct vs indirect effects and dif-
ferences 1n disease states In this paper the literature on vascular effects of loop diuretics
(with emphasis on furosemide) 1s reviewed with reference to the differences 1n exper:
mental protocols Finally some general conclusions are drawn and suggestions for futuie
1nvestigations aie given

IN VITRO STUDIES

The direct vascular effects of furosemide are difficult to study 1n vivo because of interfer-
1ng counteracting mechanisms which may even completely mask diect effects Ina
number of 1n vitro studies the presence of Na K 2Cl -cotransport activity has been
demonstrated 1n endothelhial as well as 1n vascular smooth muscle cells [1 3], and this
observation represents a primary focus of interest with regard to the vascular effects of
furosemide Howevel, inhibition of Na K 2Cl -cotransport activity occurs only at high
furosemtde concentrations These concentrations are reached 1n the renal tubule, but
not 1n the cardiovascular system [4] It should be emphasized that 1n all in vitro studies
much highel concentrations were needed to induce vascular responses than 1n the
human 1n vivo situation An additional difference causing much higher concentrations
of free furosemide 1s the absence of protein binding in the media used
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Table 1. In vitro experiments on the vascular effects of furosemide

Vasculature Species Drug- Main effects Reference
concentration

Artenial
Aorta Rabbit 330 pg ml' Hyperpolarisation and relaxation of smooth muscle cells [6)
Mes Rat 1-81 pg ml’ Dose-dependent inhubition of response to norepinephrine 7]
Earandrenal Rabbit 20 ug ml’ Inlub:tion of response to norepinephnne, attenuared by albunun 18}
Ear Rabbit 20-330ug ml'  Direct endothelium independent relaxing effect (9]
Pul, mes.tib  Dog 32960 ug. ml'  No relaxation of precontracted arteries [10]
Tail Rat 5mg kg'* Endothelium-dependent reduction of electrical snmulated contraction [11]
Venous
Portal Rat 1-100 pg. ml’ Reducnion of response to norepinephrine and angiotensin I 5]
Portal Rabbit 20pg ml' Inhibition of response to norepinephrine, attenuated by albumin (8)
Pulmonary Dog 32960 g ml'  Endothelium-ndependent relaxaton

of norepinephnn-induced contraction [10]

Abbreviations: Ear = central ear artery; Mes = mesenterial, Pul = pulmonary;
Tib = anterior tilnal artery
‘Admnistered dose 1n stead of furosemide concentration

The in vitro studies focussing on the vascular effects of furosemide are summarized in
Table 1. In the early 1970's an inhibitory effect of furosemide on the vasoconstrictor
response to norepinephrine and angiotensin Il was observed in the rat portal vein [5]. It
was demonstrated that incubation with furosemide causes a membrane hyperpolarisa-
tion of 5.5 mV in the relaxed rabbit pulmonary artery [6]. Many vasodilatory agents act
by hyperpolarisation of the plasma membrane and subsequent closure of voltage
dependent calcium channels, so this observation is consistent with, and possibly
explains the direct vasodilatory action of furosemide.

Furosemide appeared to have a direct vascular effect in the perfused mesenteric vascular
bed of the rat [7]. In an in vitro study with arterial vascular smooth muscle in segments of
rabbit blood vessels, furosemide (20 mg. ml') induced a small decrease in resting tension |8].
In the isolated rabbit central ear artery a direct relaxing effect of furosemide on isolated
vessel segments was concentration-dependent (0.1-1.0 mM furosemude) [9]. It was demon-
strated that inhibition of Na'K"2C] cotransport activity or hyperpolarization of the mem-
brane was unlikely to be the sole mechanism responsible for the vasorelaxant effect of
furosemide.

In an in vitro study using dogs it was demonstrated that furosemide did not have a direct
effect on arterial smooth muscle, but exhibits selective venorelaxant activity [10]. The
magnitude of this effect was most pronounced in the pulmonary vascular bed. Moreover,
the vasorelaxant activity of furosemide was independent of endothelium, nitric oxide,
cyclic GMP and prostanoids.

The role of the endothelium in the direct vascular effects of furosemide is still unclear.
Whereas one report on an ex vivo experiment showed that the effect of furosemide on
the response to sympathetic stimulation was endothelium-dependent {11], others did
not find an important role for the endothelium in mediating the relaxation caused by
furosemide in vitro [9]. The discrepancy between these results with respect to the
endothelium-dependency may be caused by the different concentrations of furosemide
studied and by the use of albumin-containing solutions [8].



Table 2 In vivo experiments on the acute hemodynamaic effects of furosemide

Species Dose Main effects Reference
(Diseases state)

Human (AHF) 0510mg kg 1v  Decrease PWP increase VC MAP and CO unchanged [12]
Dog (ligated ureters) 2mg kg Decrease PWP PAP increase VC SVR MAP unchanged [13]
Human (hypertension) 1204000 mgday' po Decrease MAP blood volume unchanged (14}
Human (hypertension) 120-200mgday' po  Decrease MAP and SVR increase VC blood volume unchanged {15}
Human (hypertension) 80 g 1v Decrease PAP and PWP and blood volume VC forearm unchanged  [16]
Human (CHF) 1mg kg Decrease PAP and CO [17]
Human (CHF) 13206 mg kg'1v  Decrease SVI increase MAP and SVR (18]
Rat (hypertension) 3mg kg v Decrease CO and SVI increase SVR 119]
Human (salt depleted) 5-80 mg 1v Increase VC 120]

Abbreviations AHF = acute heart failure, CHF = chronic heart failure, CO = cardiac output, v =
intravenously, MAP = mean arterial pressure, PAP = pulmonary arterial pressure, po = orally, PWP =
pulmonary wedgepressuie, SVI = stroke volume 1ndex, SVR = systemuc vascular resistance,

SVI - stroke volume index, VC = venous capacitance

IN VIVO STUDIES AFTER SYSTEMIC ADMINISTRATION

During the 1970’s inteiest increased 1n the vascular effects of diuretics With the devel-
opment of tools to monitor changes 1n hemodynamic parameters, these effects could be
described more appropriately In most of these studies, as discussed 1n the next para-
graph and summarized 1n Table 2 loop diuretics were administered systemically
However, 1t should be noted that changes in hemodynamic parameters observed directly
after administration of the loop diuretic, do not necessarily imply direct vasoactivity of
the loop diuretic

A study by Dikshit et al 15 one of the first reports that focussed on the vascular effects of
loop diuretics [12} In 20 patients with left ventricular failure, intravenous administra-
tion of furosemide caused a prompt fall 1n left ventricular filling pressure, which was
accompanied by an 1ncrease 1n venous compliance, the latter being a marker for venodi-
latation These phenomena preceded an increase 1n uiine and electrolyte output In
dogs, furosemide p1oduced a rapid reduction 1n pulmonary wedge pressule and an
Increase 1n venous complhance even though the ureters were ligated [13] These observa-
tions 1ndicate that this venous effect may not have been the result of a decrease 1n plas-
ma volume The dissociation of diuretic and vascular effects was confirmed 1n a study
with hypertensive patients despite a fall in blood pressure, plasma volume did not
change after administration of furosemide 1n combination with a high salt intake |14]
In patients with penipheral oedemna and mild hypertension the use of furosemide resulted
1n a decrease 1n mean arterial pressure, cardiac output and total peripheral 1esistance,
whereas the venous capacitance increased without change in plasma and blood volume [15]
However, the dissociation between venodilation and plasma volume 1s not always obvious
In patients with mild heart disease or hypertension, 80 mg1 v furosemide caused a
decrease 1n right atnal pressure, pulmonary arterial pressure and pulmonary artery
wedge pressure (signifying increased venous compliance), together with a decrease in
cardiac index within 20 mun [16] In this study, a hemoconcentration was observed as
well, suggesting that the hemodynamic effects were secondary to intravenous volume
reduction through diuresis The relationship between hemodynamic and hormonal
changes after furosemide 1njection and during chronic furosemide treatment was stud-
1ed 1n patients with congestive heart failure [17]
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Cardiac output decreased significantly after furosemide injection (1 mg kg' body weight),
1eached 1ts nadir after 90 min and returned to baseline within 4 h The mean pulmonary
arterial pressure decreased steadily throughout the 4 h observation period These changes
were not accompanied or preceded by changes 1n plasma renin activity, angiotensin Il or
aldosterone In this study patients were on a fixed diet, urine losses were not replaced
1sovolumetrically After continuous oral furosemide therapy during 8-10 days reciprocal
changes between hemodynamic and hormone indices were observed As the diuretic
response diminished, cardiac output and pulmonary arterial pressure declined, whereas
the renin-angiotensin system was activated This suggests that duning chronic therapy
plasma renin activity and angiotensin II might counteiact the vasodilatory effects of
furosemide However, there are some reports that ate 1n disagreement with this hypoth-
esis [18,19] In patients with severe congestive heart failure, intravenously administered
furosemude caused an early fall 1n stroke volume 1ndex and a quick transient increase in
the systemic vascular resistance, a rise 1n mean arterial blood pressure (within 20 min
after injection), associated with an increase 1n plasma renin activity, norepinephrine
and plasma arginine vasopiessin levels {18] These results were strengthened by the out-
come of a study 1n spontaneously hypertensive rats [19], in which furosemide (3 mg kg')
caused an early fall in stioke volume and cardiac index A decrease 1n mean arterial
blood pressure was observed after a delay of 2 to 4 h, which sustained for 6 to 8 h after
injection Total peripheral vascular resistance increased substantially and returned to
baseline range within 24 h The supposed mechanisms involved 1n the differences
between the acute and chronic effects include an adaptation of baroreflex activity, a
direct vasodilatory effect of diuretics, a decieased 1eactivity of the vascular system to
pressor stimull, a reduction of extracellular body fluid volume, and/or the production of
endogeneous vasodilator substances mediated by furosemide

The dose dependency of the vascular effects of furosemide was characterized in healthy
volunteers by using dosages ranging from 5 to 80 mg [20] Increases 1n venous capacitance
were observed 5 min aftel 1 v adnunistration of 5 and 10 mg furosemide Ovel the dose
range 20 80 mg, no significant increases were observed However, after 10 min venous
responses showed significant increases 1n venous capacitance, equally for all dosages
used An oral dosage of 80 mg furosemude produced a rise 1n venous capacitance, 15 min
after administration and a decrease 1n forearm bloodflow 15-60 min after administration
A decrease 1n calf blood flow was observed within 15 min following administration of
furosemide, regardless of salt balance or use of indomethacin [20] This latter effect of
furosemide was associated with a rise in plasma renin activity and was not observed 1n
anephric patients [21]



Table 3 Experiments on the role of the kidney 1n the vascular effects of furosermide

Speaes |Disease state) Dose Main effects Reference
Human (Functonally anephnc} 3 mg kg'1v  Increase FBF unchanged SBP VC weight hematocrit PRA [21]
Human (anephric) 80mg1v VC and BP unchanged [22]
Rat {acute nephrectomy) 5mg kg'1v  Complete inhibition of vasoconstrictor response to NE and AT II [23]
Dog (lrigation ureters) 2mg kg'1v  Decrease PAP and PWP 1ncrease SVR and VC BP unchanged [13]
Dog (acute nephrectomy) 2mg kg'1v  no hemodynamic changes [13]

Abbreviations AT Il = angiotensin II, BP = blood pressure, FBF = forearm blood flow 1v = mtravenous-
ly, NE = noepmephiin PAP = pulmonaiy aiterial pressure, PRA — plasma renin activity, PWP = pul-
monary wedge pressure, SBP = systolic blood pressuie, SVR = systemic vascular resistance,

VC = venous capacitance

THE ROLE OF KIDNEYS

In an attempt to elucidate the role of the kidneys in the hemodynamuic effect of
furosemude, vascular responses were studied 1n functionally anephric hypertensive
patients [21] In contrast to experiments 1n subjects with normal renal function, intra-
venously administered furosemtde caused a significant increase 1n forearm blood flow
of 55% within 15 min, whereas venous capacitance weight hematocrit and plasma renin
activity were unchanged (see Table 3) Possibly, this represents a direct vascular effect of
furosemide, which becomes unmasked 1n the absence of counteracting mechanisms,
such as the renin-angiotensin system In another study, the effect of intravenously
admunistered furosemide on venous capacitance and calf blood flow was compared 1n
healthy volunteers and anephric patients [22] Venous capacitance increased 1n healthy
volunteers, but not 1n anephric patients Moreover, this effect of furosemide required a
salt retaining state and 1t could be blocked by the use of the cyclo-oxygenase blocker
indomethacin, suggesting an important role for renal prostaglandins in the systemic
vascular effects of fuiosemide

Furosemide (5 mg kg') attenuated the vasoconstrictor responses of the mesenteric blood
vessels 1n the rat to both exogeneous angiotensin Il and norepinephrine |23 Acute bilateral
nephrectomy or treatment with indomethacin (2 mg kg'1v)completely prevented this
inhibitory effect In a subsequent report the inhibitory effect of furosemide on the vaso-
constrictor response to sympathetic nerve stimulation was absent after chemical renal
medullectomy |24] The authors explained this effect by postulating that in the renal
medulla non-piostanoid vasodilatory lipids are produced which mediate the vasodilato-
ry effect of furosemide [25] Intrarenal prostaglandins p1obably are involved 1n the
release of such a lipid Although substantial evidence of a direct vascular effect of
furosemide 1s available from several 1n vitro experiments (see foregoing and Table 1), a
coincidence of hormonal changes with the observed vascular effects was not considered

THE RENIN-ANGIOTENSIN-ALDESTERONE SYSTEM

The release of renin 1s controlled by three mechanisms the intrarenal baroreceptor, the
sympathetic nervous system and the macula densa receptor [26] Results of some studies
show a participation of prostaglandins in the renin release [27-29] It was demonstrated
that prostaglandins mediate renin 1elease 1n response to intrarenal baroreceptor stumu-
lation [30] On the other hand, renin 1elease due to symthathetic nerve stimulation 1s
prostaglandin-independent [31]
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Micropuncture experiments 1n rats indicate that renin release resulting from macula
densa 1eceptor stimulation during sodium deprivation 1s prostaglandin-dependent (29,
wheteas 1n dogs the macula densa mechanism of renin release could be blocked by inhi-
bition of prostaglandin synthesis [32] It 1s known fiom ex vivo experiments that
furosemide exerts a direct sumulating effect on renin secretion [33] In the 1solated per-
fused rat kudney, furosemide-stimulated renin secretion did not require 1ntact PGl syn-
thesis [34] The authors proposed that increased prostaglandin production and ncrease
of renin release after furosemide administiation 1s not causally related, but may be
based on a common response to changes in sodium balance In fact, prostaglandin syn-
thesis could even be a counterdacting mechanism participating 1n the vasoconstrictot
action of angiotensin 11 [35)

The importance of angiotensin Il in the vascular effects of 5 mg 1ntravenously administered
furosemide was studied 1n healthy volunteers [36] Captopril 50 mg abolished the acute
1Ncreases 1IN venous capacitance and attenuated the increase 1n forearm vasculal resistance
The mechanism suggested 1s that angiotensin Il 1s formed secondarily to furosemide-
stimulated renin release, and that the decrease 1n forearm blood flow 1s the result of the
vasoconstrictive effect of angiotensin II Angiotensin Il receptors are virtually absent in
velns, so the net effect appears to be venodilation due to the angiotensin induced release
of vasodilatory prostaglandins from the kidney (36] This view may not be entirely cor-
rect, as 1t has been demonstrated that angiotensin II has a direct venoconstiictive effect
on the human dorsal hand vein [37]

To determine whether the vascular effects of furosemide are shared by bumetanide,
another frequently used loop diuretic, the vascular and renal effects of equipotent
dosages of furosemide and bumetanide were compared 1n healthy volunteers with mod
erate [38] and severe salt depletion [39] In the case of moderate salt depletion, both
furosemide (10 and 100 mg) and bumetanide (250 ug and 250 mg) caused an increase 1n
renal blood flow 1n both dosages Changes 1n peripheral vascular responses did not differ
from placebo Both treatments led to an acute increase in urinary prostaglandin metabo
lite excretion (which may be a reflection of an increased 1enal blood flow) and plasma
renin activity (the latter not increased by bumetanide 250 pg) Angiotensin Il was
incteased significantly 30 min after 100 mg furosemide and 2 5 mg bumetamde Plasma
nolepimephrine was not influenced by any of the treatments [38] In contiast with these
observations was the vascular response on furosemide (10 and 20 mg) and bumetanide
(250 and 500 pg) 1n marked salt depletion [39] Significant reductions 1n forearm blood
flow were observed after both furosemide dosages, but not after either of the bumeta-
nide dosages Both drugs had no significant influence on venous capacitance
Furosemide induced an increase 1n plasma renin activity, whereas bumetanide did not
The differences between furosemide and bumetanide with regard to acute artenal vaso
constrictive activity may be attiibuted to the abihity of furosemide (and the disability of
bumetanide) to stimulate acute renin release from the kidney

The disciepancy between the results of this study [39] and the study by Johnston et al [38]
with respect to vascular effects may be caused by differences in the degree of salt deple-
tion This 1s emphasized by others [17,40] There are no 1n vitro studies that compare the
vascular effects of furosemide and bumetanide As illustiated 1n the foregoing para-
graphs, the total body sodium content ts an important factor in the modulation of the
indirect vascular response to furosemide Administration of a loop diuretic to a salt-
depleted subject may further activate the renin-angiotensin systeni, causing a more pro-
nounced arterial vasoconstriction



PROSTAGLANDINS

In 1975 1t was shown 1n dogs that pretreatment with the cyclo-oxygenase inhibitor
indomethacin blocked the increase 1n renal blood flow caused by furosemide [41] Since
then several studies explored the role of prostaglandins in the natriuretic and vasculai
reponses to furosemide [30,34,40,42-52] It 1s of importance to distinguish the effects of
circulating prostaglandins of renal origin from prostaglandins produced 1n the local
(extrarenal) vascular bed, since the furosemide-induced vascular effects may well be
dependent on prostaglandins locally produced in the vessel wall However, 1n 1n-vivo
experiments 1t 1s difficult to study these two sources of prostaglandins separately

The kidney releases PGI , PGE , PGF, and tromboxane A, [42] PGI, and PGE, possess
important vasodilatory properties under conditions of prior vasoconstriction
Prostaglandin-induced vasodilatation plays an important role in the maintainance of
glomerular filtration and perfusion by dilatation of the afferent arteriole 1n a salt
deplete state, when the renin-angiotensin system 1s activated {53] Furosemide has been
shown to increase the urinary excretion of prostaglandin [38,50,52] Whether thisis
caused by increased renal blood flow or by 1ncreased production of prostaglandins 1s
unclear On the other hand, the reports on the effects of inhibition of prostaglandin syn-
thesis on furosemide-induced natriuresis a1e conflicting, probably due to varying salt
balances during the experiments [42]

In healthy volunteers PGI, induced renin release and furosemide-induced renin release
was associated with renal PGI, formation [54] In a study performed 1n normotensive
volunteers, indomethacin (75 mg) decreased both the peak urine flow rate and total sodi-
um excretion within 1 h of a 30 mg1 v furosemide dose, while an increase 1n renal plas
ma flow and glomerular filtration rate after furosemide was inhibited [48| The increase
of urinary excretion of PGE, was abolished by indomethacin The urinary excretion of a
metabolite of systemic PGI, was unaltered after furosemide 1njection The authors stated
that the carly hemodynamic effects of furosemide depend on an increased synthesis of
prostaglandins, particularly PGE, and probably also PGl However, 1t 1s questionable
whether the non-renal effects are a result of increased circulating prostaglandin levels
(24,43] Arguments that underscore these doubts are prostaglandins are very labile, are
rapidly metabolized and 1increased plasma levels of prostaglandins have never been
measured after furosemide administration

Although the studies mentioned above suggest that furosemide induces an increment 1n
renal prostaglandin production, they do not clarify whether systemic prostaglandin syn-
thesis - the local production 1n the extrarenal vasculature - 1s increased by furosemide
Mediation of the cardiovascular effects of furosemide by vascular products of the a1achi-
donate metabolism were studied 1n ex vivo experiments, using an 1solated perfused
canine lung lobe [47] Furosemide decreased the mean pulmonary artery pressure This
direct arterial vasodilatory activity of furosemide was similar to that of PGI and could
be inhibited with indomethacin, suggesting that furosemide induces a local production
of PGI, 1n resistance and/or capacitance vessels Recently, an 1n vitro study was published
showing that furosemide in primary cultured bovine aortic endothelial cells stimulated
the formation of endothelium derived kinin, a potent stimulator of endothelial nitric
oxide and PGI formation [43] These experiments suggest that hemodynamic effects of
furosemide are mediated by prostaglandins released from the local vasculature
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Figure 1. Diagrammatic scheme illustrating the possible mecanisms of furosimide-induced vascoac-
tivity on artery and vein. The upper part of the figure represents direct vascular
effects, whereas the lower part represents the vascular effects mediated by hormonal
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CONCLUSIONS

Although in the past 25 years much research has been done, the exact mechanism by
which furosemide induces its vascular effects remains unclear. In Figure 1 the mecha-
nisms involved in the vascular effects are shown. It seems clear that both direct and indi-
rect mechanisms play a role. The venous vascular response to furosemide appears to be a
direct effect, while the arterial response in vitro only occurs at supratherapeutic concen-
trations, and probably is mediated and modified by other factors like the degree of salt
depletion, renin, angiotensin II and prostaglandins in vivo. The prostaglandins are either
produced by the kidneys or by the endothelium, whereas the precise role of the endothe-
lium has not yet been completely clarified.

Much attention has been paid to the arterial response, while the effects on the venous
component have only been roughly monitored due to a lack of sensitive techniques to
monitor local venous effects. However, especially in patients suffering from cardiac
failure, the venous vasodilation might be of importance in the observed acute beneficial
effects.

There are two methods available to study direct vascular effects 1n vivo. First, direct
effects on resistance arteries in the human forearm can be studied with the perfused
forearm technique. Using this method direct vasoconstrictive or vasodilator effects on
resistance arteries in the human forearm can be examined by drug admuinistration into
the brachial artery and venous occlusion plethysmographic recordings [55]. Second, with
a linear variable differential transducer it is possible to measure direct venous vascular
effects on a selected dorsal hand vein [56,57]. With these methods it is possible to examine
local vascular effects without provoking systemic counterregulatory effects. In a quest to
explore the genuine direct vascular effects of loop diuretics in vivo, these methods pro-
vide the best options for future studies.
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CHAPTER NINE

DIRECT VASCULAR EFFECTS OF FUROSEMIDE IN
HUMANS
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ABSTRACT

Background: In humans, hemodynamic changes observed within minutes after systemic
administration of furosemide are often referred to as duect vasoactivity However, these
immediate changes do not per se imply a direct vascular effect We examined the genuine
direct vascular effects of furosemide on the human forearm vascular bed and dorsal hand
veln

Methods and Results: Forearm blood flow 1n response to infusion of increasing dosages of
furosemide 1into the brachial artery was recorded by venous occlusion plethysmography
Local plasma concentrations of furosemide reached a maximum of 234 +40 ug ml during
the highest infused dose, but did not significantly affect the ratio of flow 1n the infused/
non-infused arms Venous distensibility of a dorsal hand vein was measured using a linear
variable differential transformer During precontraction with norepinephrine, five
increasing dosages of furosemtde (1 to 100 ug min ) were administered locally Additional
experiments using local administration of iIndomethacin or N- monomethyl-L-arginine
(L-NMMA), were carried out to determine whether effects were dependent on local prostag-
landin or mitric oxide synthesis, respectively Also, the effects of systemnic administration of
furosemide were examined Local administration of furosemide led to a dose-dependent
venorelaxation of 18 +6% at the first to 72 £16% at the last dose Indomethacin almost com-
pletely abolished furosemide-induced venorelaxation, whereas L-NMMA had no effect
Systemic administration of furosemide resulted in a time-dependent 1ncrease of hand vein
distensibility, reaching 45 +11% afte1 8 minutes.

Conclusions: Furosemide does not exert any direct arterial vasoactivity in the human
forearm, even at supratherapeutic concentrations In contrast, at concentrations esti-
mated to be 1n the therapeutic range, we observed a dose-dependent direct venodilator
effect on the dorsal hand vein to be mediated by local vascular prostaglandin synthesis



INTRODUCTION

The loop-active diuretic furosemide has been the standard treatment for heart failure for
several decades Apart from 1ts primary diuretic action, furosemide 1s also thought to
have effects on the cardiovascular system In heart failure, systemic administration of a
loop-active diuretic has been reported to relieve the symptoms of pulmonary oedema
immediately, even before diuresis sets in [1,2] Although these effects are referred to as
“direct” vascular effects, systemic administration of a drug does not permit distinction
between a direct action on the vascular wall versus changes induced by cardiovascular
reflexes or regulatory systems

It 1s well established that furosemide itself sumulates the 1elease of renin, thereby
increasing levels of angiotensin II [3-5] as well as of prostaglandins from the kidney (6]
The effects on these two vasoactive hormonal systems have becn associated with a1 terial
vasoconstriction and venous vasodilation observed after systemic administration of the
drug [3.4] Conversely, vaiious 1n vitro experiments indicate that furosemide, sometimes
at rather high concentrations, does exert a direct vasodilator effect on 1solated a1terial
and venous vessels [7.8,9] In the 1n vivo situation, this furosemide-induced direct artei1al
vasodilation could be blunted by the vasoconstrictive effects of angiotensin II after sys-
temic administration, and 1t 1s not clear whether the previously reported 1n vivo venodi-
lation 1s the 1esult of a direct or indirect effect of furosemide on venous smooth muscle
cells [1,3,10] Thus, up to now 1t 1s unknown whether furosemide-induced effects on sys-
temic hemodynanics are the result of a direct or indirect action of the drug on the vas-
culature 1n vivo

In the present study. we thoroughly investigated the genuine direct vasculai effects of
furosemide on resistance arteries in the forearm and on the dorsal hand vein of healthy
subjects To this end, we used the perfused forearm technique and the linear variable dif
ferential transformer (LVDT) technique, respectively With these methods interpretation
of the results will not be confounded by di1ect effects on kidney or reflex effects secondary
to changes 1n blood pressure or total plasma volume

METHODS

Subjects

Seveial protocols using two techniques were conducted for this study, all approved by
the local ethics commuttee Before paiticipation, written informed consent was obtained
from a total of 60 healthy volunteers Participants were asked to refrain from drinking
alcohol o1 caffeine containing beverages for at least 24 hours before their studies Salt
1ntake was not restricted None of the participants smoked or used any medication
(including analgesics) All experiments were performed 1n a single-blind fashion in a
temperature-controlled laboratory (23°C to 24°C for the perfused forearm experiments
and 28°C to 29°C for the venous distensibility measurements) with the subject 1n supine
position
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Demographic characteristics of the participants are summarized 1n Table 1

Table 1 Demographic characteristics of the study groups

Arterial Vasoactivity Venous Vasoactivity

n (M/F) 22 (21/1) 38 (33/5)

Age (years) 259 *12 470 191

Weight (kg) 773 +14 750 68

Height (cm) 183 2 182 6

Body mass index (kg m’*) 230 204 227 20

Syst blood pressure (mm Hg) 128 3 134 22

Diast blood pressure (mm Hg) 73 #1 80 19

Data are mean +SD

Arterial vascular activity measurements

Two protocols were conducted 1n a total of 22 subjects to assess the direct arterial vasoac-
tivity of loop-active diuretics First, we examined the direct arterial vasoactivity of
furosemide and bumetanide and second, the effect of locally administered furosemide
on norepinephrine-itnduced vasoconstriction The perfused forearm technique was used
for both protocols Foi this technique, the left brachial artery was cannulated with a 20-
gauge catheter (Angiocath, Deseret Medical, Becton Dickinson) after induction of local
anesthesia (lidocaine 2%) This catheter was used fo1 drug infusion (automatic syringe
infusion pump, type STC-521, Terumo)} and blood pressure monitoring (Hewlett Packard
GmbH) At least 30 minutes after intra-arterial cannulation, baseline values of FBF were
measured 1n both arms three times per minute by ECG-triggered venous occlusion plethys
mography with mercury-in-Silastic strain gauges (Hokanson EC4, DE Hokanson) [11]

To ensure that forearm bloodf low (FBF) recordings referred predominantly to the fore-
arm skeletal muscle resistance arteries, the hand circulation was occluded during all
FBF recordings by a wrist cuffinflated 100 mmHg above the systolic pressure [12] The
upper arm collecting cuffs were simultaneously inflated to 45 to 50 mmHg with a
rapid cuffinflator (Hokanson E-20) In all experiments, we also inserted a catheter into
a deep 1psilateral forearm vein During the last minute of each drug infusion period of
10 minutes a venous blood sample was taken and drug concentrations were measured
by high-performance liquid chromatography assay as previously described [13]

Direct arterial vasoactivity of loop-active diuretics

Dosages of furosemide were normalized to forearm volume (water displacement method)
Total infusion rate was kept constant at 100 ypl min' 100 ml of forearm volume'
Furosemide was infused at 1-3-10-30-100 ug mun' dl'1n 8 subjects In another 6 subjects,
furosemide was infused at 1000 pg min' dl' for 6 minutes In 4 subjects, we administered
bumetanide (0 025-0 075-0 25-0 75-2 5 ug min' dl') instead of furosemide to perceive pos-
sible differences 1n vasoactivity between these two loop-active diuretics

Effect of furosemide on norepinephrine-induced vasoconstriction

Animal data suggest that furosemide may exert an anti vasoconstrictor effect, because
the drug did not directly dilate mesenteric resistance vessels but rather inhibited the
vasoconstrictor effect of norepinephrine and angiotensin II [14] To study this possible
mechanism 1n humans, we measured the reduction of FBF 1n response to cumulative
intra-arterial norepinephrine infusions in the absence and presence of local furosemide
admnistration



In 4 subjects, norepinephrine was imfused at 10, 30, and 100 ng mun' dl' before and after
local administration of furosemide (10 uyg min' dl' for 20 minutes, preceded by a 30-
minute interval afte1 the first norepinephrine dose-1esponse curve) Previous experi-
ments revealed that intrabrachial infusion of this dose of furosemide led to clinically
1elevant concentrations 1n the infused forearm

Venous vascular activity measurements

Four p1otocols were carried out to determine the venous vasoactivity of furosemide The
direct venous effect of locally administered furosemnide was examined, after which
involvement of vascular prostaglandin and nitric oxide (NO) synthesis was assessed Also,
the venous effect of systemic administration of furosemide was examined All protocols
were conducted by the LVDT technique, 1n which venous distensibility of a dorsal hand
vein was measured with LVDT as described by Aellig [15] and evaluated by Alrad: and
Carruthers [16] A total of 51 experiments were performed in 28 young and 10 elderly sub-
Jects Regression analysis established that there was no significant correlation between
age and percentage venodilation (=0 18, p=NS), after which all data weie pooled

With the subject 1n the supine position 1n a temperature controlled laboratory (28°C to
29°C), the arm under investigation was placed on a rigid suppoit at an angle of 30" from
the horizontal to allow complete emptying of the superficial hand verns A sphygmo-
manometer cuff placed on the upper aim was then inflated to 45 mmHg A suitable
large superficial vein with no apparant tributaries in the immediate area of examina-
tion was chosen, and a 23-gauge butterfly needle was inserted into the vein The light-
wetght (0 2-g) probe of the LVDT was placed over the summit of the chosen vein 10 mm
downstream from the tip of the needle Under these conditions, dorsal hand vein disten-
sibility 1s maximal during venous occlusion When the venous pressure remains constant
at 45 mmHg, changes 1n venous diameter are proportional to changes 1n venous tone

Owing to the low venous tone present under these conditions [17], venodilator effects
can only be quantified on veins that have been preconstricted To examine furosemide-
induced venodilation, we used continuous infusion of incieasing concentrations of nor-
epinephrine to precontract the veins Infusion of the norepinephrine concentration that
achieved a precontraction of *30% of maximal vein diameter was sustained throughout
the experiment Previous experiments fiom our laborato1y showed that this method has
a good 1eproducibility’ In 15 subjects the coefficient of variation of the maximal vaso-
constiictor 1esponse to nolepinephrine (before and after an interval of 2 hours) was 9%
In addition, norepinephrine dose-response curves on different days did not significantly
differ from each other Sustained infusion of norepinephrine alone resulted 1n a stable
vasoconstrictor response (70 £7% contraction after 10 min and 73 +6% contraction after
60 min, n=10), indicating the absence of tachyphylaxis to norepinephrine During the
experiment blood pressure and heart rate were monitoied every 5 minutes by a Dinamap
1846 SX attached to the contralateral arm

Direct venous vasoactivity of furosemide

In a total of 20 subjects, NaC1 0 9% (0 1 m] muin ) was replaced by five increasing doses of
furosemude (1, 3, 10, 30, and 100 yg min') at the same infusion rate for 10 minutes each
The cuff was deflated for 30 seconds every 5 minutes At the end of the experiment,
saline was infused again, still with concomitant norepinephrine infusion
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Involvement of vascular prostaglandin synthesis

in the direct venous vasoactivity of furosemide

In vivo, an increase 1n the venous capacitance induced by systemzcally admimistered
furosemide has been reported to be inhibitable by indomethacin [3] This observation
suggests a role for prostaglandins as a mediator of vasoactive effects of furosemide The
source of the prostaglandins involved 1n this mechanism may be the kidneys, because
they may release prostaglandins into the systemic circulation |3], alternatively, local pro-
duction 1n the peripheral vasculature couid be involved [18] To determine the role of the
nonrenal prostaglandins 1n the venous vasoactive effects of furosemide, we examined
the effect of locally administered indomethacin {12 5 yg min , 10 minutes) on the
furosemtde-induced venous vasoactivity In 8 subjects furosemide (100 uyg min )
together with a placebo (NaCl 0 9%, 0 1 ml muin ) was locally infused 1nto a preconstric-
ted vein for 10 minutes Venodilation was assessed, after which placebo was replaced by
indome-thacin for 10 minutes and venodilation was assessed again To exclude a possible
constrictor response by iIndomethacin alone, control experiments were performed in 4
subjects to determine the effect of indomethacin (12 5 and 125 pg mun ) on baseline
venous tone

Involvement of vascular NO synthesis in the direct venous vasoactivity of furosemide

NO 1s a potent vasodilator released by vascular endothelial cells Although the
furosemide-induced vascular effects 1n vitio appear to be independent of the endothel
um, a recent study showed that furosemide augmented the NO production of 1solated
cultured endothelial cells [7.18] To study the role of NO 1n the furosemide induced venous
vasoactivity, we repeated the protocol as described above, now using N'-monomethyl-L-
arginine (L-NMMA) (60 uyg min ) instead of indomethacin to inhibit NO production
Extensive studies have shown that this dose of L-NMMA has no effect on basal venous tone
and 1s able to block the venodilation caused by acetylcholine [19,20]

Effect of systemic administration of furosemide on dorsal hand vein distensibility

All previous reports concerning the effects of furosemide on human vein capacitance
used systemiic administration [1,3,4,10] To examine whether furosemide administered
systemically in therapeutic dosages exerts a vasodilator activity comparable to that of
locally administered fuiosemide, we administered furosemide (40 mg) intiavenously in
the contialateral arm 1n 15 subjects Venous distensibility of the precontracted hand vein
was 1ecoided during the following 8 minutes

Drugs

Furosemide solutions were freshly prepared from 2-ml ampoules containing 10 mg ml
furosemide as a disodium salt (Lasix, Hoechst Marion Roussel) and were further diluted
1n physiological saline immediately before each experiment Norepinephrine (1-mg ml
ampoules), indomethacin (Indocid PDA, Merck Sharp and Dome, 1-mg ml') and L-NMMA
acetate (Clinalfa) were dissolved 1n physiological saline immediately before use

Data analysis

Data are expressed as mean +SEM unless noted otherwise and were analyzed by
Student’s t test or repeated measures ANOVA for paired data if appropiate If ANOVA
showed that a significant difference existed between conditions, 1t was followed by post
hoc t tests (including Bonferroni coirection) to determine dose dependency or time
dependency Linear regression analysis was performed on the relation between age and
percentage furosemide-induced venodilation (correlation coefficient according to
Pearson} A value of p<0 05 was considered to indtcate significance



Direct artenial vasoactivity

To 1educe the variability of blood flow data and to correct for systemic changes, the ratio of
the FBF measurements 1n the infused and noninfused arm was calculated fo1 each time
point with the noninfused arm used as a contemporaneous control for the infused arm (21|
The FBF values of the last 3 minutes of each drug infusion were averaged to one value
Direct venous vasoactivity

The response of norepinephrine-induced constriction was measured and furosemde-
mduced effects were expressed as the percentage attenuation of the average control con
striction All results are expressed as a percentage of baseline vein size The furosemide-
induced venodilation was determined during the last 3 minutes of each furosemide
infusion

RESULTS

Systemic effects

Foreaim volume averaged 984 +32 ml During the arterial vasoactivity experiments, blood
piessure, heart rate, and FBF in the noninfused arm did not change significantly after intra
brachial infusion of furosemide During local admunistration of furosemide 1n the venous
vasoactivity experiments, blood piessure increased over =1 hour from 113 £2/62 £1 to 116 +2/66
12 mm Hg (for systolic and diastolic blood pressure p=0 03 and 0 003, respectively, ANOVA
with repeated measures) Theie was no change 1n heart rate (61 £2 to 61 +2 bpm, p=NS)

More relevantly, blood pressure increased within 5 minutes after systemic administiation
of 40 mg of furosemide from 118 +1/68 £2 to 121 £2{71 +2 mm Hg (p=0 01 and p< 0 0001,
respectively, Student t test) Heart rate remained unchanged (63 £2 to 65 £1 bpm)

Direct effects on FBF

Ratios of infused to control FBF and 1psilateral venous plasma concentiations of
furosemide are shown 1n Figure 1(top) During five increasing dosages of furosemide,
there was no significant effect on FBF compared with the placebo infusion In 6 subjects,
we 1nfused furosemide 1000 uyg min dl for 6 minutes, leading to local furosemide plas-
ma concentrations of 234 +40 ug ml In these subjects, furosemide 1ncreased FBF 1n the
infused arm shightly, by 23 9 7% (p<0 05), but without a significant effect on the FBF
ratio of the infused and noninfused arms (p=0 08)

Intra arterial bumetanide infusions led to local plasma concentrations ranging from 39
111 to 1748 +£327 ng ml and also failed to alter FBF (data not shown)

Effect of furosemide on norepinephrine induced vasoconstriction

As shown n Figure 1, local infusion of norepinephrine into the brachial artery led to a
dose dependent decrease 1n FBF (p<0 001), with no significant effect on systemic blood
pressute This vasoconstriction was not inhibited by local infusion of furosemide (p=NS)

Direct effects on dorsal hand vein distensibility
Vein diameter of the participants was 0 74 +0 05 mm On average, infusion of norep1
nephrine constricted the vein of investigation to 31 +2% of the control size
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Figure 1. Direct arterial vasoactivity of furosemide
Top, bars represent mean +SEM measured local venous plasma concentrations of
furosemide (right axis). Line graph shows the mean +SEM FBF ratio (infused/noninfused
arm) during intrabrachial infusions of furosemide (left axis) as measured by venous occlu-
sion plethysmography. There was no significant change in forearm blood flow ratio. Values
are presented as mean +SEM of 8 and 6 experiments
Bottom, ratio of FBF during intrabrachial norepinephrine administration, both in the
presence of placebo (solid circles/solid line) and after and during concomitant infusion of
furosemide (10 ug. min®. dI*, open circles/dashed line). Constrictor response to norepine-
phrine (p<0.001) was not inhibited by local furosemide administration (p=NS). Values are
presented as mean *SEM of 4 experiments. P values refer to statistical differences between
conditions for these dose-responses as analyzed by ANOVA with repeated measures over the
complete dose-response curves



Figure 2 demonstrates that continuous local infusion of furosemide results in a dose-
dependent attenuation of the constrictor effect of norepinephrine (p<0.001). Post hoc t tests
(with Bonferroni correction) revealed a dose-dependent venodilation between doses of 0,
1, 10, and 100 pg. min". This direct venodilating effect of furosemide was rapid in onset.
After the last furosemide infusion was replaced with NaCl 0.9% infusion, venodilation
waned within a few minutes.

% venodilation % venodilation
100 100 .
Local furosemide Systemic furosemide
administration administration
75 4 5=l
50 | 50
25 | 25 |
P<0.001 P<0.01
0 - + ! 0 : ; . s
3 10 100 0 2 4 6 8
Furosemide dose (ug. min?) Time (min)

Figure 2. Direct venous vasoactivity of furosemide
Left, percentage increase in venous distensibility of a norepinephrine-constricted dorsal
hand vein before and during increasing doses of local furosemide infusions. Values are pre-
sented as mean £SEM of 20 experiments. Horizontal axis indicates dose infused per
minute, not final concentration
Right, percentage increase in venous distensibility of a norepinephrine-constricted dorsal
hand vein following contralateral systemic administration of furosemide (40 mg) at 2, 4
and 8 minutes after bolus injection. Values are mean =SEM of 15 experiments. P values refer
to the statistical differences between conditions for these dose- or time-dependent responses
as analyzed by ANOVA with repeated measures over complete dose-response curves

Involvement of vascular prostaglandin synthesis in the direct venous vasoactivity of furosemide

In 8 subjects, furosemide-induced venorelaxation was assessed in the absence and presence
oflocal indomethacin administration. Figure 3 (left) shows that indomethacin inhibits
furosemide-induced venodilation, because in this sub-group furosemide dilated the vein by
54 +17% and furosemide in combination with indomethacin, by 14 +17% (p=0.025).

Control experiments showed that indomethacin itself had no constrictor effect on basal
vein tone. When baseline vein distensibility is taken as 100%, indomethacin 12.5 and 125 pg.
min’ led to vein distensibilties of 101.4 +0.5% and 100.2 +1.2%, respectively (n=4, p=NS).
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Involvement of vascular NO synthesis in the direct venous vasoactivity of furosemide

Figure 3 (right) shows that furosemide-induced venorelaxation was not inhibited by local L-
NMMA administration. In this subgroup, venorelaxation was 60 £11% before and 53 +14%
after placebo was replaced by L-NMMA (n=8, p=NS).

Effect of systemic administration of furosemide on dorsal hand vein distensibility

As shown in Figure 2 (right), parenteral administration (contralateral antecubital vein) of
40 mg furosemide led to increases in vein diameter of 18 +8%, 26 £11% and 45 +11% at 2, 4
and 8 minutes, respectively (p<0.01). Post hoc tests (Bonferroni) revealed that venodila-
tion was significant from baseline at t=4 minutes (p=0.028) and 8 minutes (p=0.001).

% Furosemide-induced venodilation % Furosemide-induced venodilation
75 75 -
50 50 A
25 25
P<0.025 P=NS
0 01
Placebo Indomethacin Placebo L-NMMA

Figure 3. Percentage increase in venous distensibility of a norepinephrine-constricted dorsal hand
vein induced by local administration of furosemide (100 ug. min’) both in the presence of
placebo and after and during concomitant infusion of indomethacin (12.5 mg. min’, left;
p<0.025) or LNMMA (60 mg. min’, right; p=NS). Values are mean £SEM of 8+8 experiments.
Pvalues refer to statistical differences between conditions as analyzed by Student’s t test
for paired data

DISCUSSION

It is generally accepted that the reduction in venous return as a result of a nondiuretic
vascular effect by furosemide is therapeutically important in achieving rapid sympto-
matic relief for patients with left ventricular heart failure. The mechanism of this action
is unclear. Because of the absence of data on the direct vasoactivity of furosemide in
vivo, we examined the vascular effects of local furosemide administration on arterial
and venous vessels in humans. Our data strongly suggest that furosemide does not exert
any direct arterial vasodilator or antivasoconstrictor activity in the human forearm but
does have a direct venodilator effect, which is associated with vascular prostaglandin
synthesis.

Direct effects on FBF

Our results demonstrate the absence of a direct effect of loop-active diuretics on FBF during
intra-arterial infusions, which result in clinically relevant plasma concentrations in the
infused forearm. The absence of vasoactivity in this concentration range is consistent
with most previous experiments on isolated arteries [7,8]. In these in vitro experiments,
direct vasodilator properties of furosemide were observed only at concentrations >10* mol.l’,
whereas in our first series of experiments, the furosemide concentration at the highest
infusion rate reached 47 £10 mg. ml’, equivalent to 1.4*10* mol. 1"



To examine the direct arterial effects of furosemide at very high concentrations 1n vivo,
we 1nfused furosemide 1000 mg min' dl 1nto the brachial artery, leading to a local con-
centrations of 234 £+40 yg ml' (0 7110’ mol 1') Even at these supratherapeutic concentra-
tions, only a negligible inctease 1n FBF was observed

In the rat, furosemide did not change baseline mesenteric blood flow, but systemic
admuinistration did inhibit the decrease 1n blood flow produced by angiotensin Il and
norepinephrine [14] In contrast, we observed no effect of local furosemide on norepi-
nephrine-induced attenuation of FBF From our studies, we conclude that furosemide
does not exert any direct arterial vasodilator or antivasoconstrictor activity in the
human forearm As such, the previously reported decrease 1n forearm blood flow after
systemic administration of furosemnide 1s probably due to an 1ndirect effect of the drug,
1n particular a simulation of the renin-angiotensin system [3,4,22,5] Of course, our
experiments do not allow us to exclude direct arterial vasoactivity of furosemide 1n
other vascular beds, eg, the lung or kidney

Direct effects on dorsal hand vein distensibility

The present investigation shows that furosemide exerts a direct vasodilator effect on pre-
constricted dorsal hand veins Time-control experiments demonstrated that this effect of
furosemide cannot be explained by a spontaneous reduction 1n notepinephiine-induced
constriction over time The local concentration of furosemide cannot be estimated pie-
cisely because the venous flow was not measured 1n these studies However, 1f the flow 1n
the dorsal hand vein 1s assumed to be 1 ml min' (5% of arterial FBF) fuiosemide plasma
concentrations can be estimated to 1ange from 0 2 to 20 g ml' during our dose-response
studies [23] Systemic administration of 40 mg furosemide leads to a plasma concentra-
tion of 3 8 0 3 ug ml'in the first 15 min 1n normal subjects, which 1s within the range
of the estimated plasma concentrations [24| This, as well as the observation of a similar
venodilator effect after systemic administration of 40 mg of furosemide, suggests that
the increase of venous compliance observed aftel systemic admuinistration of furosemide
may be the result of direct effects on the venous ciiculation Compared to other sub-
stances such as nitroprusside and substance P, which exert venodilatory properties at an
infusion rate of nanograms per minute, furosemide 1s much less potent |25,26] However,
its effect does have clinical relevance, especially 1n the first few minutes after parenteral
admunistration

Mechanism of action

Two hypotheses conceining the direct vascular effects of furosemide emerge from the
Iiterature The first hypothesis focuses on furosemide-induced 1nhibition of vascular

Na -K -2Cl cotransport, whereas the second 1s directed to the role of prostaglandins in the
vascular activity of furosemide

Na“-K'-2 Cl Cotransport Inhibition

The presence of Na -K-2Cl cotransport 1n endothelial and vascular smooth muscle cells
has been established, but 1ts role 1in regulation of vascular tone 1s unclear [27-29] In a
recent report, furosemide relaxed canine venous but not arterial vessels taken from a
vailety of vascular beds [9] In the same vessels Na -K -2Cl cotransport dist1ibution was
determined and the magnitude of the vasodilator effect was found to corielate with Na -
K-2Cl cotransport distribution The correlation between Na -K -2Cl cotransport distribu-
tion and vascular activity suggests a role for this cotransporter 1n the vascular action of
furosemide Howevel, inhibition of renal Na -K -2Cl cotransport occurs at 10*-10°* mol 1"
furosemide [30], concentiations 10 to 50 times the local concentration 1n the hand vein,
and the importance of this action of furosemide to its venodilator properties remains
uncertain
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Augmented prostaglandin synthesis

The effect of systemic administration of furosemide on venous capacitance has been
compared between healthy subjects and anephric patients Venous capacitance
increased 1n healthy volunteers but not 1n anephric patients [3] This effect could be
blocked by pretreatment of the cyclooxygenase inhibitor indomethacin, suggesting a
role for renal prostaglandin release 1n the vascular effects of furosemide Our 1esults
indicate that 1enal p1rostaglandin synthesis 1s not necessarily important for the direct
venous vasodilation, because the release of renal prostaglandins cannot have been stim-
ulated after the local furosemide infusions This does not rule out the possibility that
furosemide-induced vasodilation 1s mediated by activation of vascular PGI synthesis
Lundergan et al , using an 1solated canine lung lobe perfused with autologous blood at
constant flow, demonstrated that furosemide-induced decreases 1n pulmonary artery
perfusion pressure were mediated by prostaglandins because they were abolished by
treatment of the lung with indomethacin [31] Recently, 1t was shown 1n cultured bovine
aortic endothelial cells that furosemide stimulated the production of prostacyclin and
NO at clinically relevant concentrations [18]

In our study, the direct venodilator effect of furosemide on veins was almost totally abo-
lished by local admimistration of indomethacin, indicating that this direct vascular
cffect 1s dependent on local vascular prostaglandin synthesis It1s unclear whether the
endothelial or the vascular smooth muscle cell 1s the source of the prostaglandin pro-
duction augmented by furosemide In vivo endothelial stripping with disulled water (32]
seems a possibility to address this question, but these experiments are quite invasive and
NSAID treatment will be necessary to prevent blood clotting [32], which will obscure the
interpretation of the furosemide induced venodilation It1s unknown whether the
furosemide-enhanced vascular PG, production [18] 1s the consequence of a nonspecific
action of furosemide or due to inhibition of the vascular Na K -2Cl cotransportel
Furthermore, the effect of systemic treatment with indomethacin o1 other NSAID's on
the furosemide-induced venorelaxation and 1ts clinical implications are unknown

The venorelaxation persisted after addition of L-NMMA, so 1t appeatrs that the effect 1s
not mediated by endothelial nitric oxide release

Conclusions

The present study provides the first evidence that furosemide at therapeutic concentra-
tions exerts no direct vasodilator or antivasoconstrictor effect on arterial resistance ves-
sels 1n the human forearm but directly dilates veins in human The direct venodilation
was mmhibited by local indomethacin administration but not by blockade of NO synthe-
sis, indicating that the direct vascular venodilation 1s dependent on local prostaglandin
but not on NO production Hemodynamic changes observed directly after systemic
administration of furosemide are probably due to a direct venodilator effect of the drug
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CHAPTER TEN

THE INFLUENCE OF THE MODE OF ADMINISTRATION
OF HIGH DOSE FUROSEMIDE ON THE OCCURRENCE
OF OTOTOXIC SIDE EFFECTS
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ABSTRACT

Aim: To assess the influence of the mode of administration of high dose furosemide on
the occurrence of furosemide 1nduced ototoxicity (FIO)

Background: Ototoxity 1s reported to be a major side effect of furosemide and appears to
be related to the serum furosemide concentiation and piobably to the unbound fraction
High fiequency audiometry (HFA) has been shown to be a very sensitive technique for the
detection of ototoxicity

Methods: In 10 patients (2 female 8 male) with heart faillure (n-2) chronic renal insuffi
cltency {(n-7) and nephrotic syndrome (n=1) high dose furosemide (mean (+SD) dosage
488 (+163 mg) was administered on three separate occasions otally as an intravenous
bolus injection and as a continuous intravenous infusion tespectively Serum furose
mide as well as unbound furosemide concentrations were measured and audiometric
evaluation included a questionnaire and HFA

Results: After oral ingestion no ototoxic side effects were reported or detected by HFA
Short term (less than 15 minutes) side effects weie reported after bolus injection (n=10)
and after continuous infusion (n=3) One patient reported tinnitus after bolus injection
while no one 1eported hearing loss HFA 1evealed a decrease 1n thiesholds at t=5 min
after bolus injection (n=8) and continuous infusion (n=3) while conventional speech
and pute tone audiometry were unchanged At t=60 min after bolus injection FIO was
still detectable 1n 6 patients while at t-240 min HFA was 1ctuined compared to base
line levels 1n all patients Serum fuiosemide concentiations weie significantly higher
1n patients with deciease of thiesholds at high-frequency audiometry at t=5 nun (FIO
81 +49 ug ml no FIO 25 £24 yg ml p<0 01) The mean unbound furosemide fraction
was 2 2 +1 0% and was independent of the tolal serum concentration or mode of admin
1stration

Conclusion: HFA appears to be more sensitive than both interview and conventional
audiometiic techniques for the detection of furosemide induced ototoxicity FIO occurs
mote fiequently after intravenous bolus injection than during continuous mmtiavenous
infusion FIO was a short term completely reversible side effect 1n all patients 1n this
study



INTRODUCTION

Loop diuretics are commonly applied 1n the management of pathological fluid 1etention
in heart, liver and renal disease The efficacy of these drugs 1s beyond doubt Well-recog-
nized side effects of loop diuretics are gastrointestinal symptoms (pancteatitis and mild
nausea, vomiting and diarrhoea), dermatologic side effects (skin eruptions). metabolic
disturbances (hypokalemia, hyponatremia, metabolic alkalosis, hyperuricemia, hyper-
glycemia), cardiovascular complications due to dehydration, and direct and indirect vas-
cular effects, and - most frequently reported - ototoxic side effects [1]

Although the first large studies describing the intiavenous administration of furose-
mide, a widely used loop diuretic, did not mention ototoxicity as a side effect, 1n the
early 1970°s reports of reversible furosemide-induced ototoxicity (FIO) appeared 1n litera-
ture [1-5] Not only reversible, but even sporadic cases of irreversible hearing loss due to
the use of furosemide were observed [5-7] Especially patients with a decreased renal
function, and thus a reduced clearance of the drug, who were treated with intravenous
bolus 1injections of furosemide appeared to be at risk It was concluded that the max:
mum plasma furosemide concentration was an important determinant of the develop-
ment of FIO importantly [8] Later, animal studies suggested that the unbound fraction of
the drug was the major determinant of FIO [9,10] As a result clinicians became 1eluctant
to usc high dosages of furosemide, despite 1ts excellent efficacy

In a previous study we showed that 1n patients with severe heart failure high dose
furosemide administered as a continuous intravenous infusion was more efficacious
than an equal dosage administered as an 1ntravenous bolus injection [11] Moreover less
ototoxic side effects seemed to occur when applying continuous intravenous infusion
However, this study did not include a careful audiometric evaluation to assess the inci-
dence and characteristics of FIO In the current study we used high-frequency audiome-
try (HFA), a sensitive tool for the early detection of ototoxicity, to evaluate the influence
of the mode of furosemide administiation on the occurrence of FIO We performed this
study 1n a group of patients at risk for FIO patients suffering from hearit failure or renal
insufficiency, 1n need for high dose furosemide

Table 1 Characteristics of the subjects

Patient  Sex Age Weight Cause of ECC Renal Serum Furosemide
no mjf fyears) (kg) illness {mLmin'} replacement albumin(g.l') dosage(mg)
1 m 62 75 CRI 4 HD 42 250

2 m 39 81 CRI 3 HD 49 500

3 m 63 92 CHF 40 42 500

4 m 76 81 CR! 2 HD 41 500

5 m 66 75 CHF 26 41 750

6 m 72 74 CRI 15 45 750

7 f 23 61 NS 97 27 375

8 f 51 73 CRI 4 CAPD a7 500

9 m 60 76 CRI 22 - 42 250

10 m 41 107 CRI 29 - 40 500

Mean 55 80 24 40 488

SD 16 12 27 6 163

Range 2376 61107 297 2749 250 750

Abbreviations are CAPD= continuous ambulant peritoneal dialysis, CHF= congestive heart fatlure,
CRI= chronic renal insufficiency, f= female, HD= chronic internuttent hemodalysis, m= male,
NS= nephrotic syndrome
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We hypothesized that the use of high dose furosemide administered as a continuous
intiavenous administration causes less FIO as compated with administration of the same
dose as an 1ntravenous bolus injection To get more insight into the relationship between
the mode of admunistration and the development of kIO, a pharmacokinetic evaluation
was 1ncluded 1n this study and total as well as unbound furosemide concentrations were
measured

PATIENTS AND METHODS

Patients

This study was approved by the Medical Ethical Commuttee of St Joseph Hospital
Veldhoven, and informed consent was obtained from all patients that weie included The
characteristics of these 10 patients are shown 1n Table 1 Mean (£SD) age was 55 £16 years,
mean body weight at the start of the study was 80 £12 kg The mean endogenous creati-
nine clearance was 24 27 ml min Two patients suffered from chronic heart failure, one
patient used high dose furosemide as a treatment for oedema caused by nephrotic syn-
drome, while seven patients were treated because of chronic renal insufficiency Of the
latter group, four were dependent on renal replaccment therapy Three of them under-
went chronic intermittent hemodialysis, while one was treated with continuous ambu-
lant peritoneal dialysis (CAPD) All patients were on high dose furosemide (1 e daily
dosage of at least 250 mg) for an average period of 433 £577 days (range 20-1957 days)
The mean daily dosage used 1n the study was 488 +163 mg (range 250-750 mg)

Before patients were included, they underwent an otological evaluation consisting of a
questionnaire about prior ear diseases, ototoxic drug usage, and noise exposure, an oto-
logic examination, and a baseline audiometric assessment including determination of
pure tone thresholds from 250-8 000 Hz, pure-tone thresholds from 8 - 20 kHz (HFA) and a
base-line speech audiogiam

Study protocol

The study consisted of three parts, separated by time intervals of one week On each
study day body weight was determined, blood samples were taken to determine serum
sodium, potassium, chloride, albumin, creatinine, urea, uric acid and hemoglobin In
addition 24-h urine was collected for determination of creatinine excretion All fluids
contaming furosemide (blood samples, syringes containing furosemide) were protected
from Light to avoid photochemical degradation On the fiist study day after an overnight
fast each patient received his daily furosemide dosage as a single oral dosage Since an
earher study showed that 1n patients with heart faillure peak plasma furosemide concen-
trations occurred 150 min after oral administration of the drug, blood samples were
drawn at =0 and t=150 min for determination of serum furosemide concentration (total
and unbound concentration) Simultaneously HFA was performed

On the second study day an equal dosage was administered as an intiavenous bolus injec-
tion The dosage was injected within two minutes Blood samples were drawn at t=0, 5, 10,
150 min and 240 min HFA of both ears was performed at t=5, 60, 240 and 480 min On the
third study day furosemide was administered as a continuous intravenous infusion A loa-
ding dose, consisting of 20% of the total dosage was administered as an intravenous bolus
injection within two minutes, followed by a continuous intravenous infusion of 8 hours, at
a rate of 10% of the dose per hour The schedule for blood sampling and audiometric evalua-
tion was 1dentical to the one used on the second study day In addition HFA and blood sam-
pling was also repeated on t=480 min In the patients on hemodialysis the dialysis schedule
was kept constant during the entire study pernod and the ime interval to the last hemodia-
lysis treatment was equal on all the three study days for each patient The patient on CAPD
changed the dialysate night before the administration of furosemide on each study day



Audiometric evaluation

Auditory function was monitored during the treatment by means of a questionnaire,
pure-tone threshold audiometry and HFA During each study day patients were repeated-
ly asked to answer a standard questionnaire on sensations (hearing loss, tinnitus, nausea,
flushes, fear) occurring after ingestion or 1njection of furosemide HFA (Demlar extended
high frequency audiometer, Model 20K, ELB&associates, Hillsborough, USA, earphones
HV/1A Plus) was performed according to the time schedule mentioned above at 8, 10, 12,
14, 16 and 18 kHz Any disturbing noises were avoided within the room, when audiome-
try was carried out All patients were alert and cooperative Change of auditory function
during therapy was determined as a difference between the 1nitial and final assessment
of the auditory thresholds FIO determuned by using the HFA was defined as an increase
of 215 dB at one frequency ot 210 dB at two frequencies 1n auditory threshold at least
untlaterally If the crite11a fo1 FIO were reached o1 1f tinnitus or hearing loss was repoit-
ed, pure-tone thresholds from 250 to 8 000 Hz weie additionally determined

Analytical methods

Serum furosemide concentrations were measured by high-perfoimance liquid chro-
matography [13] Unbound furosemide concentrations were detelr mined after equilibrium
dialysis during 5 5 hour at 37°C against 1sotonic phosphate buffered saline with pH 74
The dialysis cell contained 1 ml serum and 1 ml buffer, separated by a cellulose dialysis
membrane (Cuprophan 150M) [14]

Data analysis

Plasma protein binding of furosemide was best modeled assuming one class of binding
sites The data were analyzed with the aid of the nonlinear regression program
WinNonlin (Scientific Consulting, Inc, Apex NC, USA) according to the following equa-
tion, derived from the mass-action law

c-¢c +n__P
Kl+ Cl

d 1

where C1s the total serum furosemide concentration, C, the unbound furosemide con-
centration 1n serum, n the number of protein binding sites, P the serum protein concen-
tration, and K, the dissociation constant of the drug-protein complex Since furosemide
binds nearly exclusively to albumin, for P the individual serum albumin concentrations
of the patients were taken The molecular weight of albumin was assumed to be 65,000

Statistical analysis

Serum furosemide concentrations measured after intravenous bolus injection and con-
tinuous infusion, respectively were compared by using the two-tailed ¢ test for paired
data Differences in serum furosemide concentrations between patients with and with-
out FIO were analyzed by the two-tailed t test for unpatred data

103

AJ191X01070 puE 3pIWasoin



2pIWasoINy 3sop YSiy JO S1I3YI IIX0I010 PUB JRINISBA “JRINIQ é

RESULTS

Ototoxic evaluation

None of the patients reported any ototoxic or related side effect after oral ingestion of
furosemide Immediately after administration of the intravenous bolus injection all
(n—10) reported sensations that were directly related to the administration of
furosemide, while only three patients experienced side effects (flushes 1n all three cases)
after administration of the loading dose preceding the continuous intravenous infusion
(see Table 2) Flushes were reported by all patients who experienced side effects Tinnitus
was reported by one patient after bolus injection, while other reported side effects after
1ntravenous bolus injection were nausea (n=2), vomiting (n=1), fear (n=1), dyspnoea (n=2)
and urge for defaecation (n=1) However, 1n all patients side effects were short-lasting and
disappeared within 15 minutes Remarkably, none of the patients experienced hearing
loss at any moment during the three study days.

HFA evaluation revealed that after oral ingestion of furosemide none of the patients
reached the critena for FIO at t=150 min Five minutes after intravenous bolus injection
FIO was detected 1n 8 patients The repeat of HFA at t=60 min showed that the threshold
elevation 1n 6 patients persisted At t=240 min HFA 1n all patients resulted in audiograms
1dentical to baseline measurements During admimistration of furosemide as a continuous
ntravenous infusion three patients reached the HFA criteria for FIO at t=5 min Two of
these patients experienced flushes at this moment At t=60 min HFA thresholds returned
to baseline levels 1n all thiee patients At t=240 min, t=360 min and t=480 min no
changes were observed When FIO was observed, additionally puie-tone thresholds at
250-8 000 Hz were determined However, comparison with baseline measurements did
not reveal any changes within this frequency range 1n any of the patients

Serum furosemide concentration (ug ml?)
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Figure 1 Mean serum (xSD) furosemide concentrations after administration of furosemide as an
mntravenous bolus injection or as a continuous mtravenous infusion
(dosage 488 £163 mg, range 250-750 mg)



Pharmacokinetic evaluation
Mean serum electrolytes, hemoglobin, uric acid, urea, and creatinine did not differ sig-

nificantly between the three study days. Neither did the mean serum albumin concen-
tration (40 +6 g.1', range 2749 g. 1'). Figure 1 shows the mean serum furosemide concen-
trations after intravenous bolus injection and continuous intravenous infusion, respec-
tively. At t=5 min and t=10 min mean serum furosemide concentrations were significant-
ly higher after bolus injection than after continuous infusion. At t=150 min mean serum
furosemide concentration was significantly higher after bolus injection compared with
both oral and continuous infusion administration. Comparison of the mean furosemide
concentration of the latter two at t=150 min showed no significant difference. The rela-
tionship between the serum furosemide concentration and the unbound furosemide
concentration is shown in Figure 2. The estimated values for n and K; were 1.14 +0.11 and
3.8 +0.6 ug. ml' (11.4 1.8 pM), respectively. The mean unbound fraction of furosemide did
not differ significantly when the two modes of administration were compared (infusion:
2.2 +1.1%, range 1.4 - 5.4%; bolus: 2.2 £1.0%; range 1.5 - 5.4%). The variable time after injec-
tion did not influence the unbound fraction.

Figure 2. Relationship between total and
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Table 2 Furosermide-induced ototoxicity as determined by subjecttve experiences of the patients
and high frequency audiometry 150 minutes after oral administration and 5 minutes
after intravenous admiristration as bolus injection and a continuous tnfusion

Sensations experienced after administration of furosemide Increases of threshold at HFA
Patent Oral Bolus Continuous Oral Bolus  Continuous
no =150 min =5 min t=5 min t=150 min t=35min t-Smin
1 Flush + +
2 - Flush, Fear - -
3 Flush Nausea - +
4 Flush +
5 Flush, Dyspnoea Defaecationurge - +
6 Flush, Dyspnoea Flush - + +
7 - Flush, Tinmtus Flush +
8 Flush, Nausea Vomiting Flush + +
9 - Flush - -
10 Flush + -

Abbreviations HFA= ligh-frequency audiometry, t=time

Relationship between pharmacokinetics and high-frequency audiometry

The mean plasma furosemide concentration at t=5 min of the patients who reached the
critenia for FIO, was significantly higher as compared with the group of patients without
signs of FIO (81 49 pg ml' (FIO) versus 25 24 pg ml' (without FIO), p < 0 01) (see Figure 2)
At t= 60 min the mean serum furosemide concentration appears to be significantly high
er after bolus 1njection compared with continuous infusion At t=60 min HFA ciiter1a
were reached 1n 6 patients after intravenous bolus injection and in none of the patients
after continuous intravenous infusion As shown in Figure 1 the mean serum furose-
mide concentration remained on a steady level throughout the infusion time during
continuous infusion However, high frequency audiomet1y in the three patients that
showed FIO after continuous intravenous infusion, returned to baseline levels at t=60 min
and no signs of FIO occurred throughout the rest of the infusion time

DIScUSSION

This study shows that FIO occurs less frequently when furosemide 1s administered as a con-
tinuous intravenous infusion as compared to administration of an equal dose as an intia-
venous bolus injection In this study we used HFA for the detection of FIO To our knowledge
this 1s the flist study analyzing FIO with HFA HFA has shown to be a sensitive tool that can
be used for the detection of ototoxic damage induced by diugs like aminoglycosides, and
platinum derivates [15,16] Both human and animal studies 1evealed that ototoxic damage
1s primarily present at the basal end of the cochlea, associated with a reduced hearing sen-
sitivity 1n the higher-frequency region(17) This study establishes that HFA 1s more sensitive
than history taking and the standard audiometric techniques, which confirms the results
of other studies analyzing the ototoxic effects of other drugs [15,16]

Few studies have evaluated FIO by use of standard audiometric tools [3,18,19] Hetdland
and Wigand studied 35 patients with end stage renal failure [18] In 15 patients 1000 mg
furosemide was administered intravenously within 40 min



Nine patients experienced transient hearing loss, which was confirmed by audiometry
In 10 patients 600 mg of furosemide was infused within 40 min, causing minimal tian-
sient hearing loss 1n four of them In 10 patients the effect of chronic use (11-56 days) of
orally administered high dose furosemide (daily dosage 500-1000 mg) was studied

Serum furosemide concentration (ug ml')
160
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[ 4
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g0 L [ . [ 3
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40 1 [ 3
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0
Yes No

Furosemide-induced ototoxity

Figure 3 Serum furosemide concentrations at t=5 mn after administration of furosermide as an
mtravenous bolus inyection or as a continuous intravenous infusion, preceded by a loa-
ding dose, 1n patients with and without furosermide-induced ototoxicity as determined
with high frequency audiometry

None of the patients developed hearing loss during this treatment and the audiometric
findings did not change unportantly during this treatment Van Olden et al reported on
the acute and long-term effects of the use of high dose furosemide (daily oral dosage 250-
2000 mg) 1in chronic hemodialysis patients [19] The serum furosemide concentrations
ranged from 11 2 to 35 8 ug ml' Three monthly audiometry during chronic treatment
did not show any ototoxicity In a large meta-analysis comparing the adverse reactions to
bumetanide and furosemide 1n patients with heart failure, renal or hepatic disease, the
overall incidence of drug-related audiometric determined hearing loss was 1 1% 1n the
bumetanide group and 6 4% 1n the furosemde group [20]

In this study the clinically recognized FIO appeared to be a short-term and completely
1eversible effect lasting no longer than 15 minutes However, only one patient reported
tinnitus and none of the patients repoi ted hearing loss, while all patients reported “non-
ototoxic” side effects like eg flushes, fear or dyspnoea after intravenous bolus injection
Three patients reported flushes during continuous intravenous infusion of furosemide
On the other hand, HFA revealed an increase in thresholds in the high frequency range
1n 8 patients after intravenous bolus injection and 1n 3 patients after continuous intra
venous 1nfusion, respectively Moreover, alterations in HFA lasted shorter than one hour
1n 5 patients, but persisted for at least 60 minutes 1n 6 patients, the latter 1n all cases
after intravenous bolus injection Pure-tone audiometry and speech audiograms per-
formed when HFA 1ndicated FIO revealed no changes at all
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In animal studies, using endocochlear potentials to establish ototoxicity, FIO occurred 5
to 15 minutes after the intravenous dose and corresponded with the time of maximum
perilymph fuiosemide concentrations |21,22] It was also shown that endocochleal
potentials remained depressed as long as perilymph fuiosemide concentrations exceed-
ed a threshold value of 13 uyg m! In chinchillas the elimination of fuiosemide fiom the
perilymph appeared to be mono-exponential [22] Furosemide perilymph concentiation
parallelled the serum concentration within a wide range [22] With a perilymph serum
gradient of 1 65 and a threshold perilymph furosemide concentration of 13 pg ml' this
means that FIO did not occur as long as the serum furosemide concentration remained
below approximately 80 uyg ml’

In the group of patients that developed FIO the plasma furosemide concentration was
significantly higher than 1n the group that developed no FIO (Figure 2) Since administra-
tion of furosemide as an 1ntravenous loading dose followed by a continuous infusion
results 1n lower serum furosemide concentiations, tt seems obvious that this mode of
admimistration less frequently causes FIO On the othel hand, FIO was detected 1n some
patients after continuous infusion, despite the relatively low serum fuiosemide concen
trations In other words, we were not able to define a threshold plasma fuiosemide concen
tration Interindividual differences and the relatively small number of patients studied
may be responsible for this

When FIO appeared during continuous intravenous infusion of furosemide, 1t was only
present for a short time, although the serum furosemide concentration rematned stable
throughout the infusion period This suggests that the serum furosemide concentration
1s not the only determinant in the development of FIO, but also the rate of change 1n
serum (and probably endolymph) furosemide concentiation This hypothesis 1s support-
ed by the observation that after oral administration plasma furosemide concentrations
were 1n the same range as the concentrations after continuous intravenous infusion
while no clinical recognizable FIO occurred following the former mode of administia-
tion Another explanation could be that, when the serum furosemide concentration 11ses
above a certain threshold value an ototoxic effect 1s induced that 1s transient irrespective
of the serum furosemide concentration Since 1in animal studies continuous intravenous
infusion never has been applied, this hypothesis 1s yet to be confirmed However, 1n chin-
chillas the recovery time was shown to be positively correlated with the administered
furosemide dosage [22] In one study 1n cats repeated intravenous doses of furosemide
administered with an interval of one hour resulted 1n 1ncreasing depression of cochlear
action potentials Howevei, complete recovery 1n all cases occurred within one hour,
even after repeated doses [23]

All patients had been using high dose furosemide for a longer period of time preceding
the study This means that irreversible hearing loss alieady might have occurred before
the start of the study On the other hand, the audiometiic evaluation performed before
the start of this study was within normal age-corrected limits 1n all patients[17]
Moreover, review of the literature shows that most of the cases of FIO reported concern
reversible instead of irreversible FIO [5-7] This means that, regarding the frequent use of
furosemide 1n clinical practice, irreversible ototoxicity solely attributable to furosemide
1s an extremely rare side effect Finally, 1n animals receiving furosemide chronically, no
change was observed 1n baseline endocochlear potential, fall in endocochlear potential
or time to complete recovery of endocochlear potential after intravenous furosemide
mjection, respectively, as compared to animals that were not pretreated [22]

The exact mechanism of FIO 1s not known The most consistent finding in histopathologic
studies 1s formed by reversible structural changes in the stria vascularns [24-27] The time
course of these changes parallelled the alterations 1n endocochlear potentials



It was shown that changes in endocochlear potential corresponded better with the
furosemide perilymph concentration than the alterations of inner ear fluid electrolyte
concentrations induced by furosemide [21,22] Moreover, changes 1n endocochlear poten-
tials could be attenuated by coadminstration of organic acids like salicylates, probenicid
and penicillin, suggesting that FIO 1s mediated by an organic acid uptake mechanism in
the cochlea [28] Probenecid reduced penctration of furosemide 1nto perilymph [29] Two
studies show that the FIO 1s determined by the quantity of unbound furosemide and by
reducing this the absolute amount of unbound serum furosemide FIO was alleviated
[9,10] We determined both unbound and total serum furosemide concentration
However, ou1 results do not allow to draw a conclusion as to whether FIO 1s mainly deter-
mined by the unbound furosemide concentration, because total furosemide concentra-
tion and unbound furosemide concentration were strongly correlated (Figure 3)
However, our 1n vivo observations suggest that the binding of furosemude to serum albu-
min 1s saturable, which means that the risk at FIO increases exponentially when patients
receive very high dosages of furosemide when administered as an intravenous bolus
injection It should be noted that 1n the patients studied, the mean unbound furosemide
fraction was approximately 2 2% while 1n healthy volunteers on conventional dosages
this 1s reported to be 1n the range of 1-4% (30] In patients with heart failure and renal
failure using conventional dosages of furosemide the unbound fraction of furosemide
was reported to be higher [31,32]

In conclusion HFA appears to be a sensitive tool for the detection of FIO FIO occurs less fre-
quently, when furoscmide 1s given as a continuous mtravenous infusion compared with
intravenous bolus mjection Fo1 this reason and because of 1ts greater diuretic efficacy the
continuous intravenous infusion of furosemide 1s the mode of administration that 1s to
be preferred 1n the clinical treatment of congestive heart failure, especially when high
dosages of furosemide a1e needed FIO appeared to be a short-term completely reversible
phenomenon 1n all patients 1n this study
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SUMMARY

This thesis deals with various aspects of high dose furosemide Furosemide 1s a loop

diuretic applied in several disease states, characterized by oedema Standard dosing

schedules of furosemide range between 40 and 240 mg per day We defined high dose

furosemide as a daily dosage of 2504000 mg Although 1t has been established more

than twenty years ago that high dose furosemide 1s effective 1n some patients that do not

respond to conventional dosages of furosemide seveiral important questions still temain

unanswered The studies described 1n this thesis were performed to obtain more insight

1 both the effects and side effects of the use of high dose furosemide Three major

aspects are studied

*The diuretic efficacy of high dose furosemide and the management of diutetic resis-
tance to high dose furosemide 1n chronic heart failure

*The vascular effects of furosemide

*The ototoxic side effects of high dose furosemide and 1ts relationship to the mode of
administiation

CHAPTER 2

In earlier studies 1t has been shown that high dose furosemide (1 e a daily dosage larger
than 240 mg) effectively corrects the hydration status 1n patients with congestive heart
failure unresponsive to conventional dosages furosemide We conducted a study to obtain
insight 1n the efficacy and safety of continuous intravenous administration of high dosc
furosemide 1n the treatment of patients with severe congestive heart failure unresponsive
to conventional dosages of furosemide The theoretical advantage of this manner of
administration 1s an increased efficacy, combined with less ototoxic side effects In this
open uncontrolled study continuous intravenous infusion appeared to be a safe, control-
lable and efficacious tool 1n the treatment of chronic congestive heart failure

CHAPTER 3

Heie we compared the efficacy of high dose furosemide admintstered as a continuous
intravenous 1nfusion with the adnunistration as an equivalent intravenous bolus 1njec
tion 1n patients with severe heait failure Continuous intiavenous administiation of
high dose furosemide appeared to be more efficacious than intravenous bolus injection
Ototoxic side effects were recorded more fiequently after intravenous bolus 1njection
However, this study did not include a valid audiometric evaluation

CHAPTER 4

It appears that a small group of patients suffering from severe heart fatlure with progres-
sion of the disease, finally become unresponsive to high dose furosemide These patients
often are severely symptomatic We asked ourselves whether this group of patients might
benefit from dehydiation by means of chronic intermittent hemofiltration andjor
hemodialysis The results of this treatment were disappointing in terms of both survival
time and quality of life On the basis of these results we concluded that 1n patients with
severe congestive heart failure with diuretic resistance to high dose furosemide, chronic
intermittent hemofiltration and hemodialysis 1s only of imited value and should only be
used 1n case of a remediable cause of heart failure or as a bridge to heait transplantation



CHAPTER 5

We treated patients with severe heart failure unresponsive to a pharmacological regi-
men including high dose furosemide by adding hydrochlorothiazide to high dose
furosemide Since the early 1970’s 1t 1s known from several clinical studies that loop
diuretics and thiazide drugs acting on the distal convoluted tubule act synergistically
However, 1t 1s unknown whether this synergism 1s still piesent 1n patients unresponsive
to high dose furosemide In this study addition of hydrochlorothiazide to high dose
furosemude appeared to be a very powerful diuretic combination, causing a reduction of
the extracellular fluid compai tment 1n all treated patients Hypokalemia and dehydia-
tion were the most serious side effects of this therapy

CHAPTER 6

Animal studies have suggested that chronic treatment with loop diuretics induces an
increased sodium reabsorbing capacity of the distal convoluted tubule, imiting the
natriuretic effect of the administration of a loop diuretic drug

Moreover, 1t was shown that thiazides could block this increase 1n sodium reabsorbing
capacity of the distal convoluted tubule This means that the natriuretic response to
loop diuretics may be preserved, when a thiazide 1s added to the loop diuretic drug To
study whether these mechanisms are present in humans and whether this may be of
clinical relevance we performed an experiment 1n healthy volunteers Although we
could prove that the natriuietic effect of furosemide was blunted after chronic use of
this drug, we did not find a p1eservative effect of coadministration of hydrochloro-
thiazide on the natriuretic effect of furosemide 1n the studied population

CHAPTER 7

An overview of the approach to diuretic resistance 1n severe heart failure i1s described
Emphasis 1s put on the value of the use of combination diuretic therapy

CHAPTERS

We review the literatuie on the vascular effects of loop diurectics On basis of the lite1a-
ture available 1t can be concluded that several factors may be 1nvolved 1n the arterial vas-
cular response to loop diuretics, including the degree of salt depletion, renin,
angiotensin Il and prostaglandins while the venous vascular response appeaied to be a
genuine direct effect However, literature 1s not conclusive as to whether furosemide
exerts direct vasoactivity 1n vivo

CHAPTER 9

To further elucidate the direct vascular effects of furosemide we performed a numbe1 of
experiments 1n healthy human volunteers The effects on the arterial vascular wall were
examined using the perfused forearm technique, while the venous effects of furosemide
were evaluated by means of a linear variable differential ttansducer measuring the dis-
tensibility of a dorsal hand vein A direct effect of furosemide on the arteries 1n the fore-
arm could not be detected, while a dose-dependent direct venodilator effect on the dor-
sal hand vein existed, which appeared to be mediated by local vascular prostaglandins
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CHAPTER 10

In the last part a study on the ototoxic effects of furosemide 1s described Soon after the
introduction of furosemide, reports on otoxic side effects of this drug appeared 1n litera-
ture While only a very small number of cases of irreversible ototoxicity directly related
to the use of furosemide were desciibed, many clinicians fear this complication of the
treatment with diuretics Most of the studies on fulrosemide-induced ototoxicity are per-
formed 1n annnals, and few human data are available In chapter 10 the results of an
audiometric cvaluation of the effect of different modes of administiation of high dose
furosemide 1n patients with severe heart failure end stage 1enal failure, or nephrotic
syndrome are presented It 1s shown that furosemide-induced ototoxicity, though often
without otologic symptoms (deafness, tinnitus, vertigo) and always completely
reversible, often occurs after administiation of high dose furosemide By administration
of furosemde as a continuous intravenous infusion instead of an intravenous bolus
injection, the incidence of furosemide-induced ototoxicity can be substantially ieduced
There appeared to be a cleal relationship between the peak serum furosemide concen-
tration and the presence of ototoxicity, as determined by high-frequency audiometry
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SAMENVATTING

In dit proefschrift staat een aantal aspecten van de effecten van hoge doseringen furosemide
centraal Furosemide 1s een lisdiureticum dat toegepast wordt by de behandeling van een
aantal ziektebeelden, die als gemeenschappelyk kenmerk de retentie van vocht oftewel de
ontwikkeling van oedeem- heeft Gebiuikelyke orale dosenngen furosemide kunnen vaneren
van 40 mg tot 240 mg per dag Met de term “hoge doseringen” furosemide wordt 1n dit proef-
schrift bedoeld dagdoseringen, varierend van 250 mg tot 4000 mg Het 1s ruim twintig jaar
bekend dat het gebruik van hoge doseringen furosemide effectief kan zyn, wanneer er na
toediening van gebruikelyke doseringen furosemide een onvoldoende diuretische respons
wordt gezien De kennis omtrent de toepassing van hoge doseringen furosemide 1s echter
nog steeds onvolledig. De studies, beschreven 1n dit proefschnft, werden uitgevoerd om
meer 1nzicht te verwerven in de effecten en bywerkingen van de toepassing van hoge
doseringen furosemide 1n de klinische praktyk

Drie onderdelen werden bestudeerd en beschreven

«De diuretische effectiviteit van hoge doseringen furosemide en de behandeling van
diureticaresistentie by patienten met chronisch hartfalen

* De vasculaire effecten van furosemide

* De ototoxische bywerking van het gebruik van hoge doseringen furosemide en de
nvloed hierop van de wijze van toediening

HOOFDSTUK 2

Eerdere studies hebben aangetoond dat de toediening van hoge doseringen furosemide
resulteerde 1n een correctie van de hydratietoestand van patienten met chronisch hart-
falen, die na het gebruik van conventionele doseringen furosemide onvoldoende
diuretische respons vertoonden Deze studie werd uitgevoerd om meer inzicht te krygen
1in de effectiviteit en de veiligheid van de toediening van hoge doseringen furosemaide als
continu toegediende 1ntraveneuze infusie by de behandeling van bovengenoemde
patientengroep De theoretische voordelen van deze toedieningswyze, 1n vergelyking
met toediening als intraveneuze bolusinjecties, zyn een toename 1n effectiviteit en een
kleinere kans op ototoxische bywerkingen In deze ongecontroleerde studie bleek con-
tinue 1ntiaveneuze infuste van hoge doseringen furosemide een veilige, stuurbare en
effectieve behandelingsoptie voor patienten met chronisch congestief hartfalen

HOOFDSTUK 3

De effectiviteit van twee manieren van toediening van equivalente hoge doseiingen
furosemide werd vergeleken by patienten met ernstig chronisch hartfalen continue intra-
veneuze 1infusie versus intraveneuze bolusinjectie Toegediend als continue intraveneuze
infusie bleken hoge doseringen furosemide effectiever te zyn Ototoxische bywerlangen
werden door de patienten vaker gemeld na intraveneuze bolusinjectie Daarby dient
aangetekend te worden dat 1n deze studie ototoxiciteit niet geevalueerd werd met
behulp van een valide audiometrisch onderzoek

HOOFDSTUK 4

In de klinische prakeyk blykt dat sommige patienten met ernstig chronisch hartfalen,
uiteindelyk niet meer of onvoldoende reageren op de behandeling met hoge doseringen
furosemide Dit gaat vaak gepaard met ernstige symptomatologie



De vraag was of deze groep patienten baat heeft by de correctie van de hydratietoestand
met behulp van chronisch intermitterende hemofiltratie enfof hemodialyse De resulta-
ten van deze behandelingsvorm waren teleurstellend, zowel wat betreft de 1nvloed op de
kwaliteit van leven als op de overleving Op grond van deze resultaten luidde de conclusie
dan ook dat de waarde van chronisch intermitterende hemofiltratie enjof hemodialyse
beperkt is by de behandeling van patienten met chronisch gedecompenseerd hartfalen,
met onvoldoende respons op de behandeling met hoge doseringen furosemide Naar
onze mening dient deze behandelingsoptie voor deze patientengroep dan ook alleen
toegepast te worden, wanneer er sprake 1s van een reversibele vorm van hartfalen of in
een overbruggingsfase naar een harttransplantatie

HOOFDSTUK 5

Op zoek naar een effectieve behandeling voor patienten met ernstig chronisch hartfalen,
b1y wie toepassing van hoge doses furosemide onvoldoende effect sorteert, behandelden
we deze groep patienten door het thiazidediureticum hydrochloorthiazide toe te voe-
gen aan de hoge doses funosemide In de afgelopen drie decennia hebben diverse studies
aangetoond dat lisdiuretica en thiazidediuretica (werkzaam 1n de distale tubulus) syner-
gistisch zyn Het was echter onduidelyk of deze synergie nog steeds aanwezig 1s wanneer
de diuretische respons op hoge doseringen furosemide msufficient 1s In deze studie
bleek de combinatie van hoge doseringen furosemide en hydrochloorthiazide ook 1n
deze patientengroep een zeer krachtige diuretische behandelmethode, resulterend 1n
een afname van oedeem bi) alle behandelde patienten Hypokaliemie en dehydratie vorm-
den de belangrykste bywerkingen

HoOOFDSTUK 6

In dierexperimenteel onderzoek 1s aangetoond dat chronische behandeling met lisdiure-
tica leidt tot een toename van de natriumreabsorberende capaciteit van de distale tubu-
lus Deze functionele adaptatie van dit segment van het nefron leidt tot een reductie van
het natriuretische effect van furosemide Bovendien bleek dat de gelyktydige toediening
van een thiazidediureticum de toename 1n natriumreabsorberende capaciteit kon voor-
komen Dit betekent dat de natriuretische respons op toediening van ecn lisdiureticum
behouden zou kunnen worden door gelyktydige toediening van een thiazidediureticum
Het 1s onduidelyk of dit mechanisme ook aanwezig 1s by de mens, en zo ja, of dit mecha-
nmisme klinisch 1elevant 1s Om hier meer inzicht in te krygen voerden we de 1n dit hoofd-
stuk beschreven studie by gezonde jonge vrywilligers uit Hoewel we 1n deze studiepopu-
latie konden aantonen dat het natriuretisch effect van furosemide ‘uitdooft’ by chro-
nisch gebruik van dit diureticum, bleek uit deze studie niet dat door gelyktydige toedie-
ning van hydrochloorthiazide, het natriuretische effect van furosemide “gefixeerd” kon
worden

HOOFDSTUK 7

In dit hoofdstuk wordt een overzicht gegeven van de behandeling van diureticaresisten
tie by patienten met ernstig hartfalen, waarby de nadruk ligt op de toepassing van com-
binaties van diuretica
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HooFDSTUK 8

In dit hoofdstuk wordt een literatuuroverzicht gegeven van de studies naar de vasculaire
effecten van lisdiuretica Op basis hiervan kan vastgesteld worden dat waarschynlyk
diverse factoren een rol spelen by de arteriele vasculaire respons op lisdiuretica, onder
andere de mate van zoutdepletie, de plasma renine activiteit, angiotensine Il en
prostaglandines De veneuze vasculaire respons Iykt door een direct effect van het
diureticum op de veneuze vaatwand bepaald te worden Wat betreft de aanwezigheid
van direct vasculaire effecten van furosermide 1n vivo, 1s de literatuur 1s echter niet een
duidig

HOOFDSTUK g

By gezonde vrywilligers weirden een aantal studies uitgevoeid, met als doel meer inzicht te
verkrygen 1n de direct vasculaire effecten van furosenmude De effecten van furosemide op
de arteriele vaatwand werden bestudeerd met behulp van het onderarmsmodel, de effec-
ten op de veneuze vaatwand werden bestudeerd met behulp van de ‘lineat vanable diffe-
rential transducer’, met deze techniek kunnen variaties 1n de diameter van een vene op de
handrug bepaald worden Een direct effect van furosemide op de arteriele vaatwand kon
niet vastgesteld worden Wel bleek er een dosisafhankelyk direct venodilaterend effect te
bestaan, hetgeen leek te berusten op de lokale afgifte van prostaglandines

HOOFDSTUK 10

In dit hoofdstuk wordt een studie beschreven, waaiin de ototoxische effecten van
furosemide geevalueerd werden Ototoxische bywerkingen werden al ko1t na de intro-
ductie van furosemide 1n de klinische praktyk beschreven Hoewel het merendeel van de
beschreven casus reversibele ototoxicitert vermeldde, 1s er echter ook een zeer beperkt
aantal gevallen bekend, waarbyj irreversibele ototoxiciteit het directe gevolg was van het
gebruik van furosemide Het gevolg hiervan 1s dat veel klinici vanwege deze potentiele
bywerking huiverig zyn om furosemide, en met name hoge doseringen furosem:de voor
te schryven Het merendeel van het onderzoek naar door furosemide geinduceerde oto
toxiciteit 1s verricht by proefdieren In hoofdstuk 10 worden de resultaten weergegeven
van ecn audiometrische evaluatie van de 1nvloed van de wijze van toediening van hoge
doseringen furosemide op de ototoxische bywerking by patienten met chionisch hart-
falen, chronische nierinsufficientie of nefrotisch syndroom Met behulp van hoge tonen
audiometrie kon worden aangetoond dat het gebruik van hoge doseringen furosemide
vaak gepaard gaat met ototoxiciteit, weliswaar meestal zonder otologische symptoma
tologie (doofheid, tinnitus, vertigo) De waargenomen ototoxische schade bleek altyd
volledig reversibel Door furosemide toe te dienen als continue intraveneuze infusie 1n
plaats van intraveneuze bolusinjecties, kan de incidentie van door furosemide gein-
duceerde ototoxiciteit 1n belangryke mate worden beperkt Er bleek een duidelyk ver-
band te bestaan tussen de maximale serum furosemide concentratie en het optreden
van ototoxiciteit



DANKWOORD

Het onderzoek. beschreven 1n dit proefschrift, voltrok zich voor een belangryk deel in de
‘verloren’ uurtjes, 1n de avonduren, tydens rustige diensten, uitgevallen poli-bezoeken,
‘compensatiedagen’, etc In de afgelopen 6 jaren kwam het onderzoek vaak op het
tweede plan, naast oplerdings-, gezins- en sociale verplichtingen, maar bleef steeds
prominent aanwezig Het geeft dan ook veel voldoening, dat het 1s afgerond Om op deze
manier onderzoek te kunnen doen, moet aan een aantal voorwaarden worden voldaan

De belangrykste voorwaarde 1s een siumulerende en inspirerende omgeving Met name
1n de persoon van dr PG G Geilag werd hierin ruimschoots voorzien Beste Paul, voordat
er een letter op papier stond had je het al over het schryven van ‘een boekje’ Toen lachte
ilcJe uit, nu ben 1k bly dat 1k je uiteindelyk gelyk moet geven Je zorgvuldige en accurate
manier van wei ken, maar vooral je betrokkenheid zyn, zowel in de klinische als 1n de
wetenschappelijke praktyk, dagelyks een voorbeeld voor miyj

Daainaast 1s medewerking en begrip van de omgeving van groot belang Paul Smits en
Frans Russel wil 1k bedanken voor de mogelykheid het 1in Veldhoven gestarte onde1zoek
voolt te zetten en uit te bouwen tot dit proefschrift

In een willekeurige volgorde bedank 1k een groot aantal mensen die op een of andete
manier hebben bygedragen aan dit onderzoek Astrid, Chris Vonk. Petra Zylmans, Saskia
van der Sande, Harm Kahman, Henk Dinnissen, alle arts assistenten in Veldhoven, Yuen
Tan Peter Pickkers, Cees Tack en Gerald Vervoort, Eugenie Olderiekerink en Arnoud
Jansen van Rosendaal de analisten van het klinisch chemisch lab (zowel in Nymegen als
1n Veldhoven), alle patienten en gezonde vrywilligers die de beschreven onderzoeken
ondergingen cn 1edereen die 1k hier had moeten noemen Juup van Meyel wil 1k
bedanken voo1 het “voorweik” Theo Mady wil 1k bedanken voor zyn enthousiaste en
deskundige bydrage aan de vormgeving Haimen, Geert, Wilco, Frans, Ivo, Frank, Bas,
Roger en Paul bedankt voor de ontnuchterende drinkgelagen, ik kan me nu meer op
myn “groente-specialisme ' gaan tocleggen' Pa en ma bedankt voor de mogelykheden
die jullie me hebben geboden

Niek en Thys jullie visie op dit alles kan waarschiynlyk als volgt samengevat worden (vry
naar Annie M G Schmidt) “proefschriften zyn aardig, maar wat moeten we d'r mee?”
Felice, misschien was Je het wel deels met Niek en Thys eens, maar je hebt dat nooit
laten meirken Om aan te sluiten by het bovengenoemde citaat ” nu kunnen we verder
gaan op onze kleine voetjes, naar de wildernis, want daai zyn de kaketoetjes”
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CURRICULUM VITAE

De schrijver van dit proefschrift werd op 6 april 1961 in Spaubeek (L) geboren In 1979
behaalde hij het gymnasium-f} diploma aan het St. Michiellyceum te Geleen. Het lot ver-
hinderde hem in de daaropvolgende twee jaar te beginnen met de studie geneeskunde.
In deze periode studeerde hij achtereenvolgens aan de Akademie voor Fysiotherapie te
Heerlen en aan de Landbouw Hogeschool te Wageningen (N-propaedeuse). Vanaf 1981
studeerde hij geneeskunde aan de Katholieke Universiteit te Nijmegen. Het doctoraal-
examen behaalde hij in 1986, het artsexamen in 1989. In het kader van de vervangende
dienstplicht verrichtte hij van 1989 tot 1990 onderzoek op het gebied van het choles-
terolmetabolisme in het Laboratorium voor Interne Geneeskunde van het Academisch
Ziekenhuis Nijmegen (hoofd: Dr. P.N.M. Demacker). Van 1990 tot 1994 was hy werkzaam
als arts-assistent werkzaam binnen de afdeling interne geneeskunde van het St. Joseph
Ziekenhuis te Veldhoven. Vanaf maart 1991 tot mei 1994 werd aldaar de opleiding tot
internist gevolgd (opleider: Dr. P.G.G. Gerlag). In deze periode werd de basis gelegd voor
dit proefschrift. Het resterende decl van de opleiding tot internist werd gevolgd in het
Academisch Ziekenhuis Nijmegen (opleider: Prof. Dr. . W.M. van der Meer). Registratie als
internist vond plaats op 1 maart 1997. Van 1 juli1 1996 tot 1 mei 1998 was hij in het kader
van het aandachtsgebied intensive care geneeskunde werkzaam op de afdeling intensive
care van het Academisch Ziekenhuis Nyymegen (opleider: Dr. FW. Santman). Registratie
voor het aandachtsgebied intensive care geneeskunde vond plaats op 1 januari 1998.
Vanaf 1 mei 1998 1s hij als internist-intensivist werkzaam in het Atrium medisch centrum
te Heerlen. Hjj is getrouwd met Felicia Harteveld.

Zi) hebben twee zonen, Niek (1992) en Thijs (1994).



STELLINGEN

behorende bij het proefschrift

Diuretic, vascular and ototoxic effects
of high dose furosemide

van

Thomas Petrus Joseph Dormans
Nijmegen, 22 januari 1999



STELLINGEN

Bij de behandeling van patienten met ernstig chronisch hartfalen heeft een
hoge dosis furosemide, toegediend als continue intraveneuze infusie, een gro-
ter natriuretisch effect dan een gelijke hoeveelheid furosemide, toegediend
als een eenmalige intraveneuze bolusinjectie.

Dnt proefschnift

Chronisch intermitterende hemofiltratie of hemodialyse 1s van beperkte
waarde bij de behandeling van patienten met ernstig gedecompenseerd chro-
nisch hartfalen, die onvoldoende reageren op het gebruik van hoge doseringen
furosemide.

Dt proefschnift

Toevoeging van een thiazidepreparaat aan een hoge dagdosis furosemide 1s
een effectieve vorm van diuretische behandeling van patienten met ernstig
gedecompenseerd chronisch hartfalen, die onvoldoende reageren op het
gebruik van hoge doseringen furosemide alleen.

Dt proefschnft

Furosemide heeft een dosisafhankelijke venodilaterende werking, die berust
op lokale prostaglandineproductie
Dt proefschnift

Door furosemide geinduceerde, reversibele ototoxische effecten treden min-
der vaak op by toediening van hoge doseringen furosemide in de vorm van
een continue intraveneuze infusie dan by toediening als intraveneuze bolus-
injeche

Dt proefschrift

Geprotocolleerde poliklinische behandeling en begeleiding van patienten met
ernstig chronisch hartfalen door een gespecialiseerd team leidt niet alleen tot
een verbetering van de functionele status en een reductie 1n ziekenhuisopna-
mes, maar kan ook kosteneffectief zijn.

J Am Coll Cardiol 1997;30.725-732

Circulation 1997,96.2842-2848



De bepaling van de intra-abdominale druk bij patienten, na een ernstig abdo-
minaal trauma of na een grote intra-abdominale ingreep, verschaft op een-
voudige wijze te verkrijgen objectiveerbare informatie, van belang voor het tijdig
vaststellen van de indicatie voor een (re)laparotomie.

Am | Surg 1997; 174:667-673

De Limburgse stinkkaas is niet alleen een lokale delicatesse, maar mogelijk
ook een effectief middel ter profylaxe van malaria-infectie.
Lancet 1996, 348: 1322

Een belangrijk nadelig gevolg van de afschaffing van de militaire dienstplicht
is dat dienstweigering op grond van gewetensbezwaren niet meer overwogen
hoeft te worden.

Een niet-rokengedeelte in een restaurant is net zoiets als een niet-urineren-
gedeelte in een zwembad.
Anthony Kedley

Voor de verzekeringstechnische consequenties van het overleven van kanker
bestaat (nog) geen afdoende remedie.

Het inlassen van een kort ‘middagdutje’ na de lunch komt tegemoet aan een
fysiologische behoefte en leidt tot een hogere activiteit en productiviteit in
het verdere verloop van de dag.

Eigen waarneming












