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Cardiac performance in various stages of renal failure
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SUMMARY Cardiac catheterisation was performed to evaluate cardiac function in 12 patients with
various stages of renal failure. All patients were studied at rest and during supine exercise to
subjective exhaustion. Eight patients had a normal arteriovenous oxygen difference at rest and
during exercise whereas three had a low arteriovenous oxygen difference and one a high arterioven-
ous oxygen difference. Left ventricular stroke work did not increase normally at transition from rest
to exercise in most patients with serum creatinine concentrations >500 ,umoVIl. The left ventricular
end diastolic pressure was abnormally raised during exercise in all patients (range 20-42 mm Hg)
and also at rest in most of them (range 8-36 mm Hg), indicating myocardial dysfunction. These
observations suggest that patients have abnormal cardiac performance at a relatively early stage of
renal failure.

Cardiovascular complications are the most frequent
causes of death in uraemic patients, accounting for
more than 40% of the total mortality. 1-3 Congestive
heart failure is common in end stage renal disease.
Most published reports of cardiac performance in
uraemic patients are based on non-invasive techni-
ques, such as echocardiography,4'0 measurement of
systolic time intervals,4 1113 and radionuclide
angiocardiography.'4 Cardiac catheterisation, which
yields more exact information on cardiac function, has
been carried out in a few studies'5-'7 but not to our
knowledge in the early stages of renal failure before
dialysis is initiated.
The aim of the present study was to investigate

cardiac performance as assessed at cardiac catheterisa-
tion at rest and during exercise in patients with vari-
ous stages of renal failure.

Patients and methods

The study comprised six men and six women (mean
age 46.8 (range 26-59) years). Table 1 shows some
clinical data. The patients had various degrees of kid-
ney function determined according to the serum
creatinine concentrations. Three patients (cases 10,
11, and 12) were undergoing maintenance
haemodialysis. No patient had signs or a history of
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ischaemic heart disease, pericarditis, or valvar heart
disease. Only one patient (case 8) had clinical signs of
congestive heart failure, rales and dilated neck veins.
None had electrolyte imbalance at the time of the
study. Severe anaemia (haemoglobin concentration
<7-0 g/dl) was present in three patients. Seven were
hypertensive with resting supine blood pressures
>150/90 mm Hg or were receiving antihypertensive
treatment. The diastolic pressure was recorded in
Korotkoff phase 5. Informed consent was obtained
and the study approved by the committee of ethics at
the Karolinska Hospital.

All the patients underwent exercise stress tests sit-
ting on a bicycle ergometer with an automatic device
for increasing the continuous workload by 10 W each
minute."8 A 12 lead electrocardiogram was recorded
in the supine position before the test. A six lead chest
electrocardiogram was used for monitoring with the
indifferent electrode placed on the forehead. All the
patients exercised to symptom limited maximum
tolerance. The relative heart volume was determined
on chest x ray films in the erect position.
The patients were catheterised in the morning, in

the fasting state, after premedication with 5 mg
diazepam intramuscularly. A Swan-Ganz thermodilu-
tion catheter (Edward Laboratories, Model 93-113-F)
was inserted percutaneously under local anaesthesia
into an antecubital vein and was advanced to the pul-
monary artery. A radio-opaque Teflon catheter was
introduced percutaneously into the right brachial
artery and guided into the left ventricle. In two
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Table 1 Clinical and laboratory data

Case Sex/age BSA Renal Sermm creatinine Hb Blood Relative Blood ECG at restl Medication
No (yr) (m2) disease concentration concentration volume heart pressure on exercise

(pnolll) (gld) (1) volume
(mlhn2)

1 F/54 1-57 CPN 400 12-1 3-5 320 NT N/N Frusemide 40 mgx 1
2 M/44 1-82 CGN 450 11-5 4-5 410 HT N/N Alprenolol 200 mgx2

Hydralazine 80 mgx2
3 M/35 1-99 PK 450 160 4-8 310 HT N/N Metoprolol 100 mgx2

Frusemide 40 mgx 1
4 M/55 2-12 CGN 500 11-7 5-6 450 HT LAFB/LAFB Metroprolol 100 mgx2

Hydralazine 25 mgx3
5 F/52 1-52 PK 550 7-5 4-4 520 NT N/N -
6 F/53 1-64 RD 670 10.3 3-3 490 HT ST-T/ST-T Alpenolol 200 mgx 1

Hydralaine 15 mgx3
Frusemide 40 mgx 1

7 M/41 2-28 CGN 800 13-6 - 400 HT N/N Metoprolol 100 mgx2
Hydralazine 50 mgx I
Frusemide 40 mgx 2

8 F/53 1-55 PK 950 7-7 4-0 420 NT N/N Frusemide 40 mgx3
9 F/46 1.45 RD 1000 7-5 4-2 450 NT ST-T/ST-T Digitoxin 0.1 mgx 1

Frusemide 80 mgx2
10 M142 1.81 CGH 1245 (HD) 6-4 5-8 640 HT LVH/LVH Digitoxin 0.1 mgx 1

Frusemide 250 mgx2
Hydralaine 25 mgx4

11 M/26 1-95 CGN 1440 (HD) 6-8 5.9 710 HT LVH/LVH Dgitoxin 0.1 mgx 1
Frusemide 250 mgx3

12 F/59 1.56 PK 900 (HD) 6-8 4-6 425 NT ST-T/ST-T Digitoxin 0. mgx 1
Frusemide 500 mgx 3

BSA, body surface area; CGN, chronic glomerulonephritis; CPN, chronic pyelonephritis; HD, haemodialysis; HT, hypertension; LAFB, left anterior
fascicular lock; LVH, left ventricular hypertrophy; N, normal; NT, normotension; PK, polycystic kidneys; RD, renal dysplasia; ST-T, non-specific ST-T
changes

patients the catheter slipped out of the left ventricle
during exercise. In these two patients the pulmonary
capillary venous pressure or the pulmonary artery
diastolic pressure was used as a measure of the left
ventricular end diastolic pressure during exercise.
The catheters were connected to electromechanical
transducers (Siemens-Elema, EMT 34). The pres-
sures were recorded on an ultraviolet recorder
(ABEM, Ultralette 5651). Left ventricular pressure
was also recorded on magnetic tape (Tandberg,
Recorder Series 100) and subsequently processed in a
computer (IBM 1800), which calculated
haemodynamic indices such as aortic and left ven-
tricular mean systolic pressures by planimetric integ-
ration during ejection. The mid-thorax was taken as
the zero reference level of pressure.

MEASUREMENTS OF CARDIAC PERFORMANCE
Measurements were made with the patient supine (a)
at rest, (b) with legs placed on the pedals 15 cm above
the table, and during exercise, (c) with a six minute
period of steady state work at a low workload followed
by (d) a period of stepwise increases in workload (10 W
per minute) until symptom limited maxmum tolerance
was reached. Cardiac output was determined by the
thermodilution technique; 5 ml isotonic saline solution
at 150C was injected and output determined
every 30 seconds during exercise. For technical
reasons thermodilution was not used in one patient
(case 6) and in another (case 9) during exercise. Car-

diac output was also measured by the Fick method at
rest and during steady state work to validate the
thermodilution measurements. Comparisons between
the thermodilution and Fick determinations showed
good agreement (r=0-88, p<0-01).
The total number of thermodilution determinations

of cardiac output averaged 20 per patient. Together
with the continuous recordings of left ventricular
pressure, these measurements were used to calculate
the stroke work index (SWI) and left ventricular
power index (LVPI) according to the formulas:
SWI=(LVMSP-LVEDP)xSVxc/BSA (J/beat/m2
BSA), and LVPI=SWIxHRx l/60/m2BSA, where
BSA is body surface area (m2), HR is heart rate
(beats/min), LVMSP is left ventricular mean systolic
pressure (mm Hg), LVEDP is left ventricular end
diastolic pressure (mm Hg), SV is stroke volume
(ml), and c is constant (1-33x 10-4). The systemic
vascular resistance (SVR) was calculated according to
the formula: SVR=(80(AOm-RAm))/Q dyn s cm-5,
where AOm and RAm are aortic (measured at rest
before entering the left ventricle) and right atrial
mean pressures (mm Hg) and Q is cardiac output
(1/min). Pulmonary vascular resistance was
calculated at rest according to the formula:
PVR=(80(PAm-PVCm))/Q where PAm and PVCm
are pulmonary artery and pulmonary venous capillary
mean pressure (mm Hg). This formula was used for
all patients except for that in case 3, in whom left
ventricular end diastolic pressure was used as a meas-
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Table 2 Maximum workload and heart rates in sitting and supine positions
Case Heart rate sitting (beats/min) Maximum Heart rate supine (beats/min) Maximum
No workload -workload

At rest At maximum (W) At rest At maximum (W)
workload workload

1 70 146 70 66 114 50
2 64 135 190 77 146 100
3 59 132 160 95 120 100
4 65 152 140 70 115 100
5 70 144 90 77 140 60
6 70 115 90 76 - -
7 70 116 200 62 105 100
8 68 156 90 70 130 70
9 66 160 100 59 - -
10 90 108 40 92 100 15
1 1 75 104 60 76 95 60
12 80 128 50 81 112 20

ure of PVCm. During exercise left ventricular end
diastolic pressure or pulmonary artery diastolic pres-
sure was used as a measure of PVCm.
Blood volume was determined with the alveolar

carbon monoxide method'9 and serum creatinine
concentration was measured as recommended by
Taussky.20

Results are given as mean with standard deviation
(SD) or with range. In statistical analysis of the data
Student's t test for non-paired observations and linear
regression analysis were used.

Results

Table 1 shows the individual values for haemoglobin
concentration, blood volume, and relative heart vol-
ume. The maximum workload and heart rate at rest
and at maximum workload sitting and supine is given
for each patient in Table 2. Dyspnoea or leg fatigue or
both were the most common reasons for stopping the
test. No patient complained of chest pain during exer-
cise. The electrocardiographic pattern at rest did not
alter during exercise. Table 3 shows the individual
haemodynamic data.

Eight patients, including the three undergoing
maintenance haemodialysis, had a normal arterioven-
ous oxygen difference, one patient (case 3) had a high
value both at rest and during exercise (arteriovenous
oxygen difference 54 and 118 ml/l respectively),
whereas three patients (cases 2, 5, and 9) had a low
value with a high cardiac output in relation to oxygen
uptake. The arteriovenous oxygen difference corre-
lated with the haemoglobin concentration (r=0-68,
p<0.05). Thus those patients with the lowest haemog-
lobin concentrations had a smaller arteriovenous
oxygen difference than the others. Resting cardiac
output was higher in the three patients undergoing
maintenance haemodialysis (cases 10, 11, and 12) than
in the three patients with the lowest serum creatinine
concentrations (cases 1, 2, and 3) (7.6 v 5.5 l/min-D),
but the difference was not significant. The resting

cardiac output did not correlate with the haemoglobin
concentration.

Left ventricular end diastolic pressure was raised
both at rest (range 8-36 mm Hg) and during exercise
(range 20-42 mm Hg) in most patients. The value at
rest inversely correlated with the haemoglobin con-
centration (r=-0-65, p<0-05)-that is, the highest
values were recorded in those with the lowest haemo-
globin concentrations.

There was no correlation between serum creatinine
concentrations and left ventricular end diastolic pres-
sure at rest. Systemic vascular resistance and pul-
monary vascular resistance were within normal limits
(Table 3).

Left ventricular function curves were constructed
for three groups, stratified according to serum
creatinine concentrations (group 1, the three patients
with concentrations <500 ,umol/l; group 2, the six
patients with concentrations 500-1000 ,umol/l, and
group 3, the three patients undergoing maintenance
haemodialysis), by plotting means for stroke work
index and left ventricular pressure index against the
corresponding means for left ventricular end diastolic
pressure at rest, with legs elevated, during steady
state exercise, and at maximum workload (Figure a).
The relation between stroke work index and left ven-
tricular end diastolic pressure was normal for patients
in group 1, but for those in groups 2 and 3 left ven-
tricular end diastolic pressure was significantly raised
with exercise. Left ventricular end diastolic pressure
at rest did not differ significantly between the three
groups. Stroke work index remained constant or even
fell in groups 2 and 3 during exercise. The relation
between left ventricular pressure index and left ven-
tricular end diastolic pressure in group 2 and more
notably for those in group 3 indicated the poor heart
rate response to work. Grouping the patients accord-
ing to blood pressure at rest (normotensive or hyper-
tensive) showed no significant intergroup difference
with respect to stroke work index or left ventricular
end diastolic pressure (Figure b).

Cardiac function in renal failure 669



Table 3 Haemodynarmic measurements at rest and during steady state workloads

Case Workload Cardiac output SV HR AVD Oxygen SVR PVR SWI LVPI Mean RA
No (W) (Fick method) (ml) (beatshnin) (mlii) uptake (dyn s cm-) (dyn s cM-r) (7/beat per (W/m2 BSA) pressure

(i/mn) (ml/win) m2 BSA) (mm Hg)

1 Rest 4.5 68 66 43 193 1742 124 0-55 0-63 6
120 6-2 63 99 79 489 103 0-63 1-04 4

2 f Rest 8-0 104 77 30 240 1300 133 1-48 1-90 6L80 16-4 139 118 78 1276 63 1-75 3.65 8
3 Rest 4-1 43 95 54 223 2107 136 047 0-75 43

{ 70 9-3 82 113 118 1104 77 094 1-73
f Rest 5-2 74 70 45 235 2353 92 0-96 1.01 84~ 1. 60 11-1 102 109 94 1042 94 0-97 1-48 15

5 Rest 7-2 94 77 29 206 1311 44 1-50 1-50 10
130 12-7 98 130 56 704 50 1 38 2.74 16
f Rest 5-0 66 76 45 228 1872 112 - - 3

6 130 9-8 83 118 64 626 82
7 Rest 6-1 98 62 46 280 944 92 0.47 0.49 7

140 9-9 111 89 91 896 121 0-52 0-77F Rest 4-0 57 70 46 185 2300 80 0.82 0-84 118 1.L30 8-4 73 115 63 535 114 0-84 1.43 16I Rest 5.7 97 59 30 172 1574 42 129 1.33 6
1.30 11-9 105 113 51 608 54 - - 8

10 J Rest 6-8 74 92 38 256 1459 153 0-65 0-85 6
110 (10-81) (104)* 103 0.87 440 16

|Rest 9*7 128 76 35 333 1072 91 1-47 1 89 10
115 10-7 123 87 49 521 82 1-32 1-95 20

12 |Rest 6-3 78 81 31 197 1194 114 0.80 1-18 5115 8-6 72 120 57 492 121 0-78 1-30 16

*Determined by thermodilution. tRecorded 10 min after exercise. SV, stroke volume; HR, heart rate; AVD, arteriovenous oxygen difference; SVR,
systemic vascular resistance; PVR, pulmonary vascular resistance, SWI, stroke work index; LVPI, left ventricular power index;
RA, right atrial; PCV, pulnionarycapillary venous pressure; M, mean; S, systolic; D, diastolic; ED, end diastolic.

Discussion

The comparisons in this study were made between
patients in various stages of renal failure including
three who were undergoing maintenance haemo-
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Figure Relation ofleft ventricular power index and stroke
work index to left ventricular end diastolic pressure (a) in three
patients with serum creatinine concentraions <500 pmoi/i
(group 1) (0), six paients with concentrations of 500-1000
.moolli (group 2) (a), and three patients undergoing maintenance

haemodialysis (4; and (b) infive normotensive (O) and seven

hypertensive (O) patients.

dialysis. The series of patients thus represented a
heterogeneous group, which was also reflected by their
individual differences in cardiac performance. The
common feature was that all patients had abnormal
renal function and when stratified according to serum
creatinine concentrations had increasing left ventricu-
lar dysfunction on exercise in relation to decreasing
renal function.
The three patients with serum creatinine concentra-

tions <500,umol/I (group 1) had essentially normal
left ventricular function, and the electrocardiographic
patterns at rest and in response to exercise were nor-
mal. Thus myocardial disease was not apparently pre-
sent in the earliest stages of renal failure. The six
patients with serum creatinine concentrations in the
range 500-1000, mol/I (group 2) and the three
patients undergoing haemodialysis (group 3), on the
other hand, clearly had abnormal left ventricular
function with increased left ventricular end diastolic
pressure and an inability to achieve the increase in
stroke work index during exercise that would nor-
mally occur (Figure a).21 These results may thus indi-
cate an increased stiffness of the ventricular wall and
diminished systolic contractile function in most
patients with a serum creatinine concentration
>500,umol/l. Similar results with abnormal contrac-
tile indices associated with increased left ventricular
end diastolic pressure have previously been observed
in patients undergoing long term haemodialysis. 15 16
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Pressures (mm Hg) Systolic
pressure

Right ventriculart Pulmonary artery Mean Left ventricular Aorta x heart rate
PCV

S D ED S D M S D ED S D M

24 10 16 9 136 6 10 136 82 104 8976
38 19 28 165 6 20 16335

22 5 14 21 9 15 8 176 8 14 176 104 136 13552
49 23 33 220 8 20 25960

23 3 5 23 5 15 138 7 8 138 90 112 13110
38 17 26 140 84 110 15820

55 5 15 28 18 22 16 218 6 24 218 120 161 15260
57 32 48 1% 12 41 21364

36 4 10 30 14 19 15 182 8 22 182 94 128 14014
47 28 38 226 8 37 29380

31 2 8 26 10 16 9 180 0 16 180 84 120 13680
37 13 22 25 214 100 148 25252
23 13 17 10 105 4 13 105 61 79 6510
37 17 30 148 9 30 13172

32 5 13 25 15 19 15 176 10 20 176 94 126 12320
53 28 40 200 0 24 22770

32 0 4 20 9 14 11 152 6 14 152 92 116 8968
40 17 28 184 0 24 20792

45 2 8 50 24 38 25 168 24 36 168 100 130 15456
76 36 52 204 20 42

46 6 14 44 23 33 24 186 16 28 180 108 140 13680
59 31 46 188 15 35 16356

27 2 7 27 12 18 9 146 8 15 146 70 99 11826
71 34 49 180 16 36 21600

Abnormal cardiac performance in end stage renal
failure may result from a variety of mechamisms, such
as hypertension, hypervolaemia, pericarditis with or
without pericardial effusion, anaemia, and electrolyte
and metabolic disturbances. Hypertension is com-
monly associated with renal failure, and volume over-
load has been suggested as the predominant cause of
renal hypertension.22-25 In possible contradiction to
this hypothesis, however, is the fact that uraemic
patients are usually hypertensive at an early stage of
renal failure, when as a rule the blood volume is nor-
mal or even low.2627 Hypertension also plays an
important role in the pathogensis of heart failure in
uraemic patients.16 But the normotensive and the
hypertensive patients in the present study showed
similar abnormal left ventricular function at different
stages of renal failure (Figure b). This comparison
suggested that uraemic heart failure develops irres-
pective of hypertension.

Accelerated atherosclerosis occurs in patients
undergoing long term haemodialysis, and also a high
mortality from arteriosclerotic complications in
chronic renal failure has been reported.28 In subse-
quent studies, however, the incidence of cardiovascu-
lar deaths from atherosclerosis was lower than previ-
ously stated and, in fact, not more common than in
the total population.29-3'

In the present series of patients the absence of chest
pain and of electrocardiographic characteristics of
ischaemic heart disease during exercise indicated that
advanced coronary atherosclerosis had not developed.

The severe anaemia in some of the patients could have
been expected to unmask any significant coronary
artery disease.
High output congestive heart failure resulting from

the arteriovenous fistula in patients undergoing
maintenance dialysis has been reported by several
authors.32-34 Resting cardiac output up to 10 I/min,
which falls substantially during temporary occlusion
of the shunt, was found in such patients. The rela-
tively high resting cardiac output in three of the pres-
ent patients undergoing maintenance haemodialysis
did not, however, differ significantly from that in the
non-dialysed patients. The high values probably also
reflect the chronic anaemia present in most of these
patients. In this study the haemoglobin concentration
was found to be correlated with the left ventricular
end diastolic pressure and the arteriovenous oxygen
difference. Nevertheless, the effect of isolated severe
chronic anaemia on cardiac function has been
reported to be minimal,3 with no influence on left
ventricular end diastolic pressure.36 Furthermore, the
cardiac output at rest is usually not increased until the
haemoglobin concentration is <7.0 g/d.36 The
abnormal left ventricular function in the present
patients in group 2 could not, however, be explained
by severe anaemia, an arteriovenous shunt, or
haemodialysis. We, therefore, consider that anaemia
and the presence of arteriovenous shunts-for exam-
ple-should be regarded as factors potentiating or
unmasking the underlying myocardial disease rather
than as causal agents in their own right.
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A specific uraemic cardiomyopathy has been post-
ulated,14 16 17 37 but documentation of the condition
has been hampered by all the abovementioned factors
that may underlie abnormal cardiac performance. The
findings in the present series of patients are not incon-
sistent with the concept of a specific uraemic heart
disease, since in most patients with abnormal cardiac
performance the aetiology of the cardiac dysfunction
was otherwise obscure. As early as 1944 Raab sug-
gested that a specific myocardial toxin may be present
in uraemia and constitute the primary cause of
uraemic heart disease.38 Many substances can

accumulate in the body in uraemia, and some of them
may act as toxins. Among the chemicals that could
lead to cardiac damage and dysfunction, no specific
myocardial toxin has yet been identified. Excess para-
thyroid hormone, however, has been suggested from
clinical3940 and experimental4' observations to have a

significant effect on the myocardium, causing ectopic
calcifications. Parathyroidectomy has been reported
to improve cardiac function in patients with end stage
renal failure.40 Other agents that may play an impor-
tant role in the pathogenesis of uraemic heart failure
are certain trace elements. These elements were found
in appreciably increased concentrations in the
myocardium of uraemic patients.42
An accumulation of toxins would be consistent with

the progressive deterioration in cardiac performance
in the present series of patients. The removal of such
toxins after renal transplantation would accordingly
be expected to result in improved cardiac perfor-
mance and this has recently been reported.43

In conclusion, the observations in our study indi-
cate that uraemic heart failure is a result of several
different pathogenic factors and arises at a relatively
early stage of renal failure.
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