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MannrroL has been shown to increase the
glomerular filtration rate and the renal
plasma flow without significantly increas-
ing the blood volume® and has been suc-
cessfully used in preventing acute renal
failure in experiments designed to produce
this complication.® Adequate hydration dur-
ing anesthesia and surgical manipulation
without the addition of mannitol has been
shown to decrease the incidence of acute
renal failure following experimental sur-
gical manipulation in dogs. Mannitol has
the advantage of maintaining urine flow in
spite of the antidiuresis which invariably
accompanies anesthesia, surgical manipula-
tion and open-heart surgery. This facilitates
maintenance of the fluid balance that other-
wise might be difficult and removes the ele-
ment of danger which accompanies hydra-
tion with other fluids in an antidiuretic
patient. Continuous assessment of the fluid
balance is, of course, mandatory to avoid
over-hydration and dilutional hyponatremia.

Studies over a l-year period of renal
function during mannitol administration in
open-heart operations are presented in de-
tail for 18 patients. Results indicate that
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mannitol infusion initiated shortly after the
induction of anesthesia and continued
throughout the postoperative period is a
practical, effective means of increasing
glomerular filtration rate and maintaining
urine flow, while also allowing maintenance
of the fluid and electrolyte balance. During
this year, no cases of acute renal failure
were observed.

Methods

Fifty-four consecutive patients having
elective open-heart surgery, from May,
1962, to May, 1963, in whom the period of
cardiopulmonary bypass was expected to
exceed one hour, were given mannitol. Of
this group, 18 patients, selected at random,
were studied intensively and are the sub-
jects of this report.

The time during operation was divided
into four experimental periods: Period I
(control ), from the induction of anesthesia
to the initiation of the mannitol infusion;
Period II (pre-bypass), from the beginning
of the mannitol infusion to the establish-
ment of the cardiopulmonary bypass; Pe-
riod III (bypass); and Period IV (post-by-
pass), from the end of cardiopulmonary
bypass until the application of dressings.
Urine was collected by an indwelling cathe-
ter draining into a graduated cylinder; urine
volume and specific gravity were measured
every 30 minutes throughout the surgical
procedure. Urine samples were collected



54 ETHEREDGE, LEVITIN, NAKAMURA AND GLENN AnnaJlS of Sur]x;g%‘
anuary
VI r=094
X1 r-089
OIL r=098
0T r=088
20 x °
0 * \'ﬁ—“‘(’“¢
1.5 o 'ta\o‘)'g'
URINE 0 X
zl;(l\)AvIvN % ° 0 o>
COMIN, ol . o7 o
v o o0e = ‘001
X X ) X
osf 2 Za v
J v v
100 200 300 400 500 600 700 800 900
UV Osmols
yosm/min

Fic. 1. The relationship of solute output (UV osmols) to urine flow during open-heart surgery.

separately for each of the experimental
periods. Blood samples were collected at
the end of each experimental period.

The following laboratory determinations
were conducted for each experimental pe-
riod: serum osmolality, sodium, potassium,
chloride and creatinine, and blood urea
nitrogen; urine osmolality, sodium, potas-
sium, chloride and creatinine. The follow-
ing standard calculations were made for
each experimental period: creatinine clear-
ance, urinary excretion of sodium per min-
ute (UV sodium), UV potassium, and UV
chloride. Also calculated were UV osmols,
sodium clearance, per cent of filtered so-
dium excreted, and clearance of free water.
For each patient plasma hemoglobin was
determined preoperatively and at the end
of the procedure.

A 10 per cent solution of mannitol in 0.54
per cent saline was prepared as follows:
200 cc. of 25 per cent mannitol in water
(four ampules) were added to 300 cc. of
0.9 per cent saline. The mannitol was ad-
ministered by continuous intravenous in-
fusion in amounts based on the patient’s
urine output. In the first hour, because the

state of hydration and glomerular filtration
rate varied from patient to patient, the
amount of mannitol given was limited to
100 cc. of the 10 per cent solution. Arbi-
trarily an attempt was made to maintain a
urine output of about 30 cc./m.? of body
surface/hr., and mannitol was administered
in amounts necessary to maintain as closely
as possible this rate during a given period.
The insensible loss was considered to be
20 cc./m.? of body surface/hr. and addi-
tional fluid was administered to cover this
loss. The mannitol infusion rate was in-
creased when the urine output dropped be-
low the calculated desired level and de-
creased when the urine output was large
enough to cause a negative noncolloid fluid
balance, in which case the calculated fluid
balance was maintained by administering a
solution of 2.5 per cent dextrose and 0.2
per cent saline. When the desired urine
output was maintained easily with a small
volume of a 10 per cent solution of man-
nitol, a 5 per cent solution was substituted.
Occasionally, where there was a danger of
overload of the circulation by a large posi-
tive noncolloid fluid balance, smaller vol-
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Fic. 2. Hemoglobinuria with prolonged cardiopulmonary bypass (3 hrs.
12 mins.) in a patient receiving prophylactic mannitol. Aliquots of urine
taken at intervals. From left to right: Specimen 1, before bypass; specimens
2 and 3, on bypass for 2 and 3 hours, respectively; specimens 4, 5 and 6,
off bypass for 2, 4 and 6 hours, respectively. Mannitol was administered
throughout the operation and during the postoperative period to maintain
an active flow of urine. The intense hemoglobinuria which developed during
cardiopulmonary bypass rapidly cleared after bypass was discontinued.

umes of a 25 per cent solution were ad-
ministered.

Postoperatively, mannitol infusions were
continued until the urine output, venous
pressure, arterial pressure and pH were
stable. In patients with gross hemoglo-
binuria the urine output was kept at 30 to
50 cc./m.2 of body surface/hr. until the
urine samples were visibly free of discolora-
tion (Fig. 2). Mannitol was usually dis-
continued 24 to 36 hours postoperatively,
though in one case it was continued for 9
days (patient M. W.).

The postoperative follow-up study in-
cluded daily determinations of urine out-
put and BUN. In patients with prolonged
hypotension, acidosis, or very low or very
high outputs of urine, blood and urinary
electrolytes and osmolalities were deter-
mined at frequent intervals. The lowest
postoperative urine volume with the day
of its occurrence and the highest BUN
with the day of its occurrence were re-
corded.

Results

The urine output, the mannitol dosage
and the creatinine clearance of each of the

four experimental periods are presented in
Table 1.

In Period II, following the infusion of
mannitol, 10 of the 14 patients in whom
comparison with Period I was possible
showed an increase in creatinine clearance
of 4 to 112 per cent; 16 of the 18 patients
also showed an increase in urine flow. In
Period III (bypass), despite the infusion
of mannitol, 17 of 18 patients showed a
decrease in creatinine clearance from Pe-
riod II of 5 to 87 per cent; 12 of these also
showed a decrease in urine flow of 3 to 62
per cent, while six showed an increase of
13 to 648 per cent. It is of interest that
these six patients with increased urine flow
in this period (bypass) had a decreased
creatinine clearance, and further, that four
of these six received less mannitol per hour
in Period III than in Period II.

Of the 12 out of 18 patients having re-
duced urine flows in Period III eight had
flows in this period (bypass) that were
still larger than in Period I. Also ten of
the 12 received less mannitol per hour
in Period III than in the preceding period.
In five of the six having larger urine flows
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in Period III the flows were larger than
in Period I (control).

In Period IV (after cardiopulmonary
bypass) 10 of the 18 patients had an in-
crease in creatinine clearance values from
Period III; nine of these ten had concomi-
tant increase in urine flow in comparable
periods, though only two of the ten received
an increase in grams of mannitol. Eight
patients had a decrease in creatinine clear-
ance in Period IV compared with Period
III; of these, six had a decrease in urine
flow. The only one of eight to receive more
mannitol in Period IV had an increase in
urine flow with a decrease in creatinine
clearance.

The serum electrolytes, blood urea nitro-
gen and serum osmolality for each of the
four periods are recorded in Table 2. Serum
sodium values remained essentially constant
throughout the operation whereas there
was greater variation in the serum potas-
sium values. The serum chloride concen-
tration remained quite stable and in most
cases paralleled changes in serum sodium
in magnitude and direction.

The blood urea nitrogen values showed
a slight progressive rise throughout the op-
eration; however, the mean BUN value for
Period IV (18.3 mg./100 ml.) was only 2.8
mg./100 ml greater than the mean BUN
value (15.5 mg./100 ml.) for Period I
The lowest BUN recorded during the op-
eration was 9 mg./100 ml., the highest, 26
mg./100 ml.

Serum osmolalities remained essentially
constant throughout the four periods al-
though there was a slight progressive rise
in mean values in each period.

The data on solute excretion are pre-
sented in Table 3. There is considerable in-
dividual variation in UV sodium and UV
potassium values; however, the mean values
for UV sodium for Period I through IV are
25, 20, 30 and 24 uEq./min., respectively.
One must note that only seven patients
actually showed an increase in the UV
sodium value during bypass (Period III)
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as compared to the pre-bypass period (II).
Of these seven, six were those previously
described as having an increased urine flow
in spite of a reduced glomerular filtration
rate during bypass (Period III). Ten of 17
patients showed a reduction in UV sodium
in Period III as compared to Period II, and
all 10 had a reduced creatinine clearance
for comparable periods.

There was considerable variation in the
individual UV chloride values, but the
variation was parallel in direction and mag-
nitude to the UV sodium values.

The excretion of total solute per minute
(UV osmols) varied considerably from pa-
tient to patient and period to period. How-
ever, in any given period, there was, as
would be expected, a close correlation be-
tween the solute output per minute and the
urine flow. In Figure 1 data are shown
with a mean regression line plotted for each
period. Note that the period prior to the
infusion of mannitol (Period I) was as-
sociated with a generally lower solute and
urine output and the two later periods
(Periods II and III) were associated with
considerable variation in the solute output.
Following the bypass period the solute
and urine output values tended to be
higher.

Osmolal clearances were varied. In all
the 14 patients who could be compared the
osmolal clearance increased in Period II
from the preceding control period. In 10
of 18 patients the osmolal clearance de-
creased from Period II to Period III and
in eight it increased.

Table 4 presents the creatinine clearance,
sodium clearance, percentage of filtered
sodium excreted and clearance of free
water. In only four of the 14 patients was
the sodium clearance higher in Period II
than in Period I, and in only two of these
four was the per cent filtered sodium ex-
creted higher in Period II. Comparing the
per cent of filtered sodium excreted in the
bypass period (III) with that excreted in
the control period, five values had in-
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creased, five had decreased and three were
essentially constant. The lowest value for
filtered sodium excreted was 0.002 per cent,
the highest value, 2.0 per cent.

In all recorded cases except one (Pa-
tient M. L.) there was a negative value for
free water clearance. This single positive
value was recorded in Period II, at a cre-
atinine clearance of 53 cc./min., a serum
osmolality of 279 mOsm./L. and a urine
osmolality of 155 mOsm./L.

Sodium clearance and the per cent of
filtered sodium excreted was higher in
those six patients having a higher urine
flow with reduced glomerular filtration rate
in the bypass period than before bypass.
Five of these six patients had a change in
the negative clearance of free water values
toward the zero value, although all still re-
tained a negative value.

Discussion

The intravenous infusion of mannitol is
a safe, practical method for improving
renal function during open-heart surgery.
Hemolysis, acidosis, reduction in renal
plasma flow and in glomerular filtration
rate, and antidiuresis are predisposing fac-
tors in the development of acute renal fail-
ure, inevitably occurring during anesthesia
and open-heart surgery. Additional hazards
are hypotension, dehydration and trans-
fusion reaction which can further damage
the susceptible kidney. Experiments have
shown that mannitol and adequate hydra-
tion or both can prevent renal failure in the
presence of one or more of the above pre-
disposing factors.® This drug has long been
known to be nontoxic, inert and extremely
potent as an osmotic diuretic. Recently,
evidence has been presented that, in addi-
tion to the osmotic effect inhibiting the
reabsorption of water from the renal tu-
bules, other mechanisms are operative:
an increased plasma volume as evidenced
by a decreased blood hematocrit, a de-
creased renal vascular resistance and in-
creased renal blood flow. *
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In animal or man with normal kidneys,
mannitol induces a brisk diuresis associated
with increased excretion of essentially all
normal constituents of urine such as so-
dium, potassium and chloride. If used in-
discriminantly it can cause a severe elec-
trolyte derangement. By maintaining the
proper salt and water balance this can be
prevented and thus, as this study demon-
strates, mannitol can be infused for ex-
tended periods in spite of the variation in
renal function induced by anesthesia and
cardiopulmonary bypass.

A consistent effect of cardiopulmonary
bypass on the kidneys is reduction of the
glomerular filtration rate. This has been
demonstrated by Senning et al.” and was
seen in 17 of the 18 patients studied in our
series. Such a marked reduction is usually
accompanied by a marked reduction in the
urine flow and excretion of sodium. The
decrease in urine flow may be offset by the
osmotic effect of any filterable but non-
reabsorbable solute such as mannitol. Fur-
thermore, mannitol infusion was associated
with an increase in the glomerular filtration
rate in a majority of the patients studied
(Period II). The wide variation between
the amounts of mannitol solution needed
and the urine flow is undoubtedly a reflec-
tion of the variation in the glomerular filtra-
tion rate and clinical state from patient to
patient. There is, as might be expected, a
good correlation between solute and urine
output (Fig. 1). This suggests that a con-
stant monitoring of the urine flow is an
adequate means of judging the amount of
mannitol to be infused. During Period I
(before mannitol) the total solute output
was low and the urine volume correspond-
ingly low. In Period II (during mannitol
infusion) the glomerular filtration rate and
the total solute output increased, in most
cases inducing a rise in urine volume. In
Period IV, the recovery period following
bypass and continuous loading with man-
nitol, the solute output was high and the
urine volume proportionately high (high
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glomerular filtration rate and mannitol).
In Period III, during cardiopulmonary by-
pass, the marked reduction in glomerular
filtration rate prevented a large diuresis
except in the six cases. It is fair to assume,
however, that the urine flow during this
period was in excess of that which would
have been present if mannitol had not
been given; in several cases the urine flow
did exceed that seen in the Period I
(control). The increase in urine flow and
glomerular filtration rate is valuable in
clearing the plasma of free hemoglobin
rapidly and preventing the formation of
acid hematin casts in the collecting tubules.

There were six patients with a reduction
in glomerular filtration rate associated with
an increase in urine flow and an increase
in UV sodium during bypass (Period III).
This finding of a reduced glomerular filtra-
tion rate with an increase in UV sodium is
similar to the observation of Levinsky et
al? in dogs where, under conditions of salt
loading and an acute reduction of the
glomerular filtration rate, the per cent of
filtered sodium excreted was far in excess
of the values seen in control animals. It is
interesting that this phenomenon, which
strongly indicates a mechanism other than
glomerular filtration rate and aldosterone
for control of sodium excretion, is observed
in humans.

Summary

The intravenous use of a 10 per cent
solution of mannitol in cardiac operations
requiring cardiopulmonary bypass in ex-
cess of 1 hour is reported.

Extensive physiologic data on renal func-
tion and blood chemistries are presented
for a group of 18 patients.
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Mannitol increased the glomerular filtra-
tion rate and urine flow in most patients
before and after cardiopulmonary bypass.
During bypass there was a reduction in
glomerular filtration rate. In 12 of 18 pa-
tients this was associated with a reduction
in sodium excretion and a reduction in
urine flow. In six of 18 patients, despite
a reduction in glomerular filtration rate,
there was an increase in both sodium excre-
tion and urine flow. This response could
not be attributed to mannitol infusion.

No cases of acute renal failure were seen
during the 1-year period of this study.
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