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OBJECTIVE: To evaluate whether the pathophysiology of shock syndromes can be better understood by
comparing central hemodynamics with kinetic data on fluid and electrolyte shifts.

METHODS: We studied the dilutional hyponatremic shock that developed in response to overhydration with
electrolyte-free irrigating fluid — the so-called ‘transurethral resection syndrome’ — by comparing cardiac
output, arterial pressures, and volume kinetic parameters in 17 pigs that were administered 150 ml/kg of either
1.5% glycine or 5% mannitol by intravenous infusion over 90 minutes.

RESULTS: Natriuresis appeared to be the key factor promoting hypovolemic hypotension 15-20 minutes after
fluid administration ended. Excessive sodium excretion, due to osmotic diuresis caused by the irrigant solutes,
was associated with high estimates of the elimination rate constant (kq¢) and low or negative estimates of the
rate constant describing re-distribution of fluid to the plasma after translocation to the interstitium (k;;). These
characteristics indicated a high urinary flow rate and the development of peripheral edema at the expense of
plasma volume and were correlated with reductions in cardiac output. The same general effects of natriuresis
were observed for both irrigating solutions, although the volume of infused 1.5% glycine had a higher
tendency to enter the intracellular fluid space.

CONCLUSION: Comparisons between hemodynamics and fluid turnover showed a likely sequence of events that
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led to hypovolemia despite intravenous administration of large amounts of fluid.
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H INTRODUCTION

A bewildering volume overload syndrome, called “trans-
urethral resection (TUR) syndrome,” is caused by the
absorption of >3 liters of electrolyte-free irrigating fluid
during transurethral operations, usually transurethral resec-
tion of the prostate (TURP) (1-3). In 1956, the clinical picture
was summarized as “dilutional hyponatremic shock,” due
to the severe arterial hypotension and even cardiovascular
collapse that occurs postoperatively (4-7). Although the
incidence of this syndrome is decreasing, complete or
incomplete forms of TUR syndrome occur in up to 5%
percent of patients in some case series of TURPs performed
with monopolar electrocautery (8-10).

Bradycardia, hypotension, and nausea are the most
typical early signs of mild and moderately severe forms of
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TUR syndrome (11-13). The hypotension is counterintuitive,
as fluid overload is the cause of the syndrome. Medical
textbooks typically suggest that infusion fluids be withheld
and diuretics given, while others have claimed that colloid
volume loading is the appropriate remedy (5,14). The
majority of authorities agree that slow administration of
hypertonic saline is indicated in severe cases, at least when
the cardiovascular situation has stabilized.

The aim of the present evaluation was to provide a better
explanation of the pathophysiology of this shock-like
hypotension syndrome. We hoped to find an approach that
can also be used in the study of other syndromes, such as
diabetic ketoacidosis and sepsis. For this purpose, the
relationship between central hemodynamics and the
kinetics of a large volume of irrigating fluid, consisting of
either 1.5% glycine or 5% mannitol, was examined in a
series of infusion experiments in pigs. Studies of volume
kinetics use pharmacokinetic compartment models to
describe the distribution and elimination of infusion fluids
(15,16). The version of the model used here allows the
description of an uneven distribution of fluid by having two
rate constants instead of a single one to describe the
distribution of fluid between the plasma and interstitial
fluid (17,18).
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B MATERIALS AND METHODS

After obtaining approval from the local Ethics Committee
for Experiments on Animals, 17 pigs between 8 and 10
weeks of age, with a mean body weight of 22 (range 20-24)
kg, were studied under general anesthesia using invasive
measurements of hemodynamic parameters, blood samples,
and urine output.

Following a minimum acclimatization period of 3 days in
an in-laboratory sty, each pig was premedicated with an
intramuscular injection of 20-30 mg of diazepam, 400-
600 mg of ketamine, and 1 mg of atropine. Subsequent
surgical anesthesia, monitored by repeated pinching of the
skin between the hoofs, was then maintained by thiopental,
ketamine, and diazepam. The key anesthetic was ketamine,
as this drug does not depress the hemodynamic responses,
which are very similar in pig and man. The animals were
endotracheally intubated and ventilated to normocapnia
using a Servo 900C (Siemens-Elema, Solna, Sweden).

Surgical preparation and measurements

Surgical preparation included dissection of the jugular
vein and insertion of a 5.5 F pulmonary artery catheter
(Abbott Critical Care Systems, Mountain View, CA) and a
central venous catheter. A catheter was also introduced into
the femoral artery via an incision in the left groin to monitor
the pressure and to sample blood, while a urinary bladder
cystostomy was established to monitor urinary excretion.
After a 30-min rest to reach a hemodynamic steady state, the
animals were randomly allocated to receive an intravenous
infusion of 150 ml/kg of either glycine 1.5% (n=9) or
mannitol 5% (n=8; Baxter Healthcare, Thetford, UK) over
90 min with the aid of infusion pumps.

The measurements comprised cardiac output (CO) and
arterial pressures, which were taken at 0, 5, 10, 15, 20, 30, 40,
50, 60, 70, 80, 90, 100, 110, and 120 min from the start of the
infusion. CO was taken as the mean of three successive
injections of ice-cold saline. The blood hemoglobin (B-Hb)
concentration was measured at the same times, as well as
every 2.5 min during the first 20 min of the study, and then
every 5 min up to 80 min. The urine volume was measured,
and samples were taken for assessment of the serum and
urinary sodium concentrations every 10th minute through-
out the study.

B-Hb and the serum and urine sodium concentrations were
measured using Multi-Species software on a Technicon H1
(Bayer Diagnostica, Tarrytown, NY). At 120 min, the pigs were
sacrificed using an intracardiac injection of pentothal and
ethanol. Crude data from the experiments, as well as further
details about the anesthesia and the surgical methods, have
been published by Sandfeldt et al. (19).

Volume kinetics

The distribution and elimination of the infused irrigating
fluid were analyzed by a two-volume kinetic model
(Figure 1, top). Fluid was infused at rate R, to increase the
volume of the central body fluid space V. to v. (plasma
compartment). The rate of elimination was given as the
product of the volume expansion of V. and the elimination
rate constant ko (unit: min™). ““Perspiratio insensibilis” was
accounted for by constant k,, which was pre-set to 0.1 ml/
min. The distribution of fluid to a peripheral body fluid
space V,, (interstitial compartment) was governed by ki,
and its return from v, to v. was governed by the rate
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Figure 1 - Schematic drawing of the kinetic model used to
analyze the distribution and elimination of irrigating fluid (top)
and the dilution of arterial plasma during and after infusion of
1.5% glycine and 5% mannitol over 90 min (bottom). Thin blue
lines represent individual experiments, and the thick red line is a
computer simulation based on the group median value of each
parameter in the kinetic model.

constant ky;. The differential equations are (17,18):

d
g = Ry —ky—kio(ve— Vo) —kia(ve— Vo) +har(vy — V)

dwp

T =kp(ve—Ve)—ka(vp—V))

The Hb-derived fractional plasma dilution was used to in-
dicate the volume expansion of V. resulting from the infusion:
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Table 1 - Kinetic parameters for infusion experiments with irrigating fluids in the pig. Group data are the median (25%"-
75" percentiles) of the optimal estimate with regard to the type of infused irrigating fluid (top rows) and whether
cardiac output (CO) had decreased or increased at the end of the infusions compared to baseline (bottom rows).

N v: k‘lz k21 k10 k23
ml/kg b.w. 1073 min™ 103; min™' 1073 min™? 103 min™
Glycine 1.5% 9 60 (51-97) 57 (24-92) -0.1 ((-25.3)- 6.9) 35 (25-67) 33 (18-47)*
Mannitol 5% 8 45 (32-91) 67 (36-135) 9.6 ((-8.0) -16.6) 42 (29-56) 16 (9-26)
CO decrease 7 88 (53-03) 39 (22-93)** =11 ((-23)-5)*** 56 (40-119) 47 (21-82)
CO increase 9 43 (29-60) 93 (53-148) 12 (5-19) 39 (31-56) 27 (13-40)

*p<0.003 versus mannitol 5%. **p<0.04 versus CO increase; ***p<0.02 versus CO increase.

ve—Ve _ ([Hb/hb]—1)
V.  (1—Hct)

The symbols in capital letters denote the baseline values.
A correction for the effect of blood sampling and blood loss
was made in the plasma dilution (16).

The main parameters in the model (V, ki, and k»;) were
estimated by the application of a non-linear, least-squares
regression routine (fminsearch) within Matlab R2010a soft-
ware (Math Works Inc., Natick, MA), while ki, was
calculated as follows:

>~ urine volume

Fro= AUC for (v.—V.,)

where AUC is the area under the curve.

The conventional volume kinetic model assumes that a
single clearance constant governs the rate of distribution of
infused fluid between the plasma and interstitial fluid
spaces in proportion to the extent that they have become
diluted (15,16). As this assumption may not be valid in
shock states, the present study describes the rate of fluid
distribution as being governed by two different rate
constants (ki and ky;) in proportion to the extent that the
plasma and interstitial fluid spaces have become expanded
(17,18). Stability is maintained by having the model apply
volume shifts instead of dilution in the non-linear regression
analysis, which makes it possible to analyze the fluid
distribution without estimating V. or V,,. Their sizes can still
be calculated as secondary parameters (this was done with
Vo), but they are not needed for simulation of the
distribution and elimination of infused fluid.

Intracellular distribution of fluid

Distribution of the infused fluid into the intracellular fluid
(ICF) space was calculated using sodium as an endogenous
tracer. All infused and voided amounts of fluid and sodium
were known, so the change in the ICF volume could be
estimated for each 10-min period, based on the assumption
that sodium was evenly distributed in the extracellular fluid
(ECF) volume, which makes up 20% of the body weight (19).
For each 10-min time interval, we obtain (15,16,20,21):

AICF = ECF + (infused — voided) volume

(S—Na*ECF + (added — voided)Na)
S—na
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where S-Na and S-na are the serum sodium concentrations
measured at the beginning and end of each assessed time
period, respectively.

As AICF is derived from the peripheral (interstitial) space,
AICF was subtracted from v, at each time point of the curve-
fitting procedure to arrive at the correct distribution of fluid
between v, and v, (if not, AICF would be included in v,).

For simulation purposes, we calculated a rate parameter
ka3 to express the rate of transfer of irrigating fluid to the ICF
space from vy

AICF

dr

AICFy( (= 120min

—ka3(vy— V,); Where kyy = ——aLI=120min_
20 = V)i where ks = A5 For (v, — 1)

Simulation of the distribution and elimination of the
irrigating fluid following infusion times other than the
90 min used in the study was performed by inserting
parameter values into the same kinetic model as used for the
evaluation. Using k3 allowed us to simulate the distribution
of fluid without involving serum sodium.

Statistics

The results are reported as the median and 25"-75"
percentiles. Changes in parameter values were studied by
the Wilcoxon matched-pair test, and differences between
the groups were evaluated by the Mann-Whitney U test.
Correlations were evaluated by simple and multiple linear
regression analyses. P<<0.05 was considered statistically
significant.

Bl RESULTS

The kinetic model could be applied in all experiments
(Table 1). A plot of the measured dilution of arterial plasma
over time revealed a marked variability in the response to
the administration of irrigating fluid (Figure 1, bottom).

Hemodynamics

Bradycardia developed early during the infusions
(Figure 2A). CO increased, particularly in response to
mannitol, but when the infusions were stopped, CO
ultimately decreased to 67% of baseline (median) at
120 min (p<<0.03; Figure 2B).

The systolic arterial pressure was lower at 110 and
120 min compared to baseline (Wilcoxon’s matched-pair
test p<<0.01, Figure 2C). The diastolic pressure increased in
response to glycine but dropped promptly when the
infusion was stopped (Figure 2D).
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The mean arterial pressure (MAP) decreased to 85% of
baseline, from 83 mmHg (median; 25"-75" percentile
76-87) before the infusions to 67 (52-81) mmHg at
120 min (pooled data, p<<0.0042, Figure 2E).

Natriuresis versus volume kinetics

Sodium excretion appeared to have a marked effect on the
fluid volume kinetics. A strong natriuresis promoted a
smaller plasma dilution over time (Figure 3A), a higher
elimination rate constant (Figure 3B), and a negative value
of the rate constant for the re-distribution of fluid from
peripheral tissues to the plasma (Figure 3C).

Multiple regression analysis showed that both ki
(p<<0.001) and 1/ky; (p<<0.0017) were independently asso-
ciated with increasing natriuresis (r=0.91).

Hemodynamics versus volume kinetics

Multiple regression analysis showed that higher values of
both 1/kyo (p<<0.004) and k»; (p<<0.04) were independently
correlated with the increase in CO during the infusion
(r=0.80). Therefore, the marked increase in CO expected to
result from the rapid, massive infusion of fluid was
counteracted by a high ki and a low or negative ky;
(Figure 3D, E and F).

These relationships were further illustrated by separating
the data for the animals with CO below and above baseline
at the end of the infusions (90 min); the former group had a
higher total urinary excretion compared to the others (1729
vs. 1290 ml; ANOVA p<0.05). Those with a decrease in CO
also had a low or negative k,;, which was not the case for
animals showing an increase in CO (Table 1, bottom). A
similar trend was also noted for changes in stroke volume,
but this was less apparent than for CO.

A low MAP at the end of the infusion was the only factor
associated with a positive value of k»;, which was otherwise
negative (Figure 4A).

Completion of the infusion resulted in a consistent
decrease in MAP over the subsequent 30 min, which
amounted to almost 20% (Figure 4B). This means that an
increase in MAP during the infusion prevented, rather than
promoted, serious hypotension during the postinfusion
period.

Computer simulation

Simulations of the distribution of 150 ml/kg (3.3 L) of
irrigating fluid were performed for administrations taking
place over three different periods of time. Values of k;y and
k21 were applied that are likely to ensue when natriuresis
occurs quickly (as suggested by Figure 3). With respect to
k12 and ko3, which are independent of natriuresis, we used
the median optimal estimates obtained when 1.5% glycine
was infused (Table 1).

These curves showed that the volume expansion of the
central compartment (V.) was quite modest, except for a
peak when the irrigating fluid was infused rapidly.
However, the volume expansion invariably turned into a
deficit within 15 min after the infusion was stopped
(Figure 5A). Volume expansion of the peripheral fluid
space (V) was more consistent for the three infusion rates,
but it did not last for more than 1 hour (Figure 5B).

The wurinary excretion amounted to 1550, 1400, and
1200 ml for the 20-min, 45-min, and 90-min infusions,
respectively, but according to the model, further diuresis
was arrested when v.<0. The final intracellular accumula-
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tion of fluid amounted to 1300 ml for all three infusions
(data not shown).

H DISCUSSION

Natriuresis

Infusion of electrolyte-free irrigating fluid decreases the
serum sodium concentration. In the present study, the
lowest serum sodium occurred at the end of the infusions
and averaged 105 mmol/1 for 1.5% glycine and 100 mmol/
1 for 5% mannitol (20). Dilution caused by the lack of
sodium in the infused fluid is mainly responsible for
the hyponatremia, but interestingly, the influence of di-
lution is gradually overshadowed by natriuresis-induced
hyponatremia (22).

The results of our present evaluation suggest that
natriuresis is the key element promoting dilutional hypona-
tremic shock when the body is loaded with an electrolyte-
free irrigating fluid. The cause of the sodium loss is the
osmotic diuresis that occurs when the renal reabsorption
mechanisms are either overwhelmed (glycine) or absent
(mannitol). The capacity of the kidneys to control the urine
composition is then undermined, and various small solutes,
including amino acids and sodium, are ultimately lost from
the body. The largest amounts of solutes are excreted at the
end of the fluid administration and during the subsequent
hour (21,23).

High natriuresis acted to reduce the plasma dilution,
which was a sign of modest plasma volume expansion,
despite vigorous fluid administration (Figure 3A). Factors
decreasing the volume expansion were a high urinary flow
(higher ky¢) and the surprising finding that k,; became low
or negative (Figure 3B, C). The latter phenomenon is
particularly important in the development of hypovolemic
shock, as it means and that, once distributed from the
plasma to the interstitial space, the fluid does not return to
the plasma.

A negative k;; implies that fluid is driven from the plasma
to the interstitium, probably due to a sodium gradient
between these fluid compartments. This type of a gradient
likely exists because natriuresis and the infusion of
irrigating fluid both reduce the plasma sodium concentra-
tion, while translocation of fluid to the ICF raises the
sodium concentration in the interstitium. The only factor
that occasionally keeps ky; positive is a marked decrease in
MAP, which is a compensatory mechanism that can be
understood from the Starling equilibrium (Figure 4A).

The end result of these opposing mechanisms (i.e., that
sodium is diluted in the plasma and concentrated in the
interstitium) is that the plasma volume rapidly decreases
during a 15-20 min period after the infusion ends (Figure 5).
As expected, the hypovolemia reduces CO and a hypoki-
netic state ensues. During an operation, the hypovolemia
would be even more pronounced because fluid absorption
is typically associated with a temporary increase in blood
loss (24). The latter also promotes further loss of sodium, as
the majority of the sodium in the bled plasma is derived
from the interstitium (25).

The fluid shifts in TUR syndrome have similarities to
those occurring in “hypotonic dehydration”. Cellular
edema and a low plasma volume occur in both entities.
However, the sodium gradient between the plasma and the
interstitial fluid must be much greater in TUR syndrome
due to the fact that electrolyte-free irrigating fluid is
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Figure 2 - Heart rate (A), cardiac out (B), and arterial pressures (C, D, E) over time. Each thin line represents one infusion experiment,

and the thick lines are the median values.
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continuously infused into the plasma (until the operation
ends). Thus, the tendency of volume to remain translocated
to the interstitium at the expense of the plasma volume
becomes exceptionally strong.

Many specific factors other than natriuresis have been
proposed as explanations for dilutional hyponatremic
shock, but with scant evidence of the pathophysiological
importance (26). These include hyperkalemia (27), hypocal-
cemia (28), and the release of prostatic tissue substances
(29,30) and endotoxins (31) from damaged cells in the
operating area. Although these factors may be important in
certain patients, the present study supports the idea that
natriuresis is the key factor explaining why hypovolemic
hypotension develops despite administration of large
amounts of fluid.

Implications for treatment

The treatment of TUR syndrome has long been contro-
versial. The primary challenge is to prevent cardiovascular
collapse and brain edema, which are the main causes of
death (32). Depressed consciousness and renal failure are
easier to manage and therefore become secondary issues.

The majority of textbooks suggest that furosemide be
used to combat the fluid overload, but this treatment is
based on logic and not on evidence. Furosemide operates by
increasing natriuresis, and the present results suggest that
this treatment would aggravate the hemodynamic problems
by further reducing the plasma volume and increasing the
cellular edema. Clinical observations support this view (33).

A less popular interpretation is that dilutional hypona-
tremic shock represents a hypovolemic condition that
should be treated with plasma volume expanders (5,14). A
step-by-step evaluation of 12 prostatectomy operations over
10-min periods indeed has shown that only a modest rise in
blood volume occurs in response to fluid absorption, which
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Figure 5 — Computer simulation of the fluid distribution when
150 ml/kg of electrolyte-free irrigating solution is infused over
20, 45, and 90 minutes in a pig weighing 20 kg (all infusions
amounted to 3.3 L). Parameter settings: kio=150, k1,=57, ky1 =
-30, ko3=33; all have the unit 10 min™.

is soon turned into hypovolemia and hypotension after the
absorption has slowed or stopped (34). Other authors also
report a low CO postoperatively (35).

The results of the present study support the view that
TUR syndrome is a hypovolemic condition and should be
treated with plasma volume expansion to prevent cardio-
vascular collapse. Treatment should be initiated within
15 min after the fluid absorption, or the operation, has
ended. The presence of marked interstitial edema suggests
that plasma volume expansion is best performed using a
colloid fluid. From a modeling perspective, the marked
disequilibrium of fluid, with hypovolemia occurring despite
marked volume expansion of the interstitium (Figure 5),
could not have been discovered by conventional volume
kinetics measurements that use a single clearance constant
to describe the rate of distribution.

Greater agreement exists for the use of hypertonic saline to
combat severe TUR syndrome, although warnings of
excessive fluid overload and cerebral damage from rapid
administration have been given. Animal experiments show
that hypertonic saline increases the plasma volume, dehy-
drates the cells (21), and improves survival (36). Clinical
evaluations have also demonstrated the benefit of hypertonic
saline (37,38). The administration does not need to be slow,
but it should extend over the period of the osmotic diuresis,
at least 1-2 hours, and be guided by measurements of serum
sodium. Full compensation does not need to be given.

The electrolyte-free irrigating fluids used in the present
study are the most commonly used worldwide. They differ
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from each other in that 1.5% glycine more easily enters the
cells (i.e., its ko3 is higher) by virtue of its lower osmolality
(200 mOsmol/kg) than 5% mannitol (295 mOsmol/kg).
Glycine is also actively pumped into the cells, and this exerts
an effect on fluid distribution. Besides the kj3, no differences
in kinetic parameters between the two fluids could be
established statistically, although k,; tended to be lower for
glycine. Therefore, there is no clear explanation for why
different treatments should be suggested depending on
whether hyponatremic shock is induced by absorption of
1.5% glycine or 5% mannitol. Clinically, the incidence of
hypotensive events after absorption of 1.5% glycine and 3%
mannitol during prostate surgery appears to be identical (13).

Limitations

Limitations of this study include the fact that the data
were obtained from animals and may therefore not be
uncritically extrapolated to humans. Hemodynamic
responses in the pig are still believed to be quite similar to
those observed in humans. Ketamine was used for
anesthesia, and this is known to alter hemodynamics to
only a small degree, while both spinal anesthesia and
surgical blood loss, which are inherent components of
surgical operations in which irrigating fluid might be
absorbed, may aggravate hypovolemic hypotension. Senior
citizens subjected to TURP surgery also have a compro-
mised cardiovascular baroreflex and weak reactivity to
catecholamines, which makes them dependent on preload.
Hence, they are more poorly suited than are young pigs to
maintain normal hemodynamics when challenged with the
fluid volume shifts associated with TUR syndrome.

The amount of administered fluid is also worth mentioning.
Infused volumes per body weight cannot be extrapolated
directly between animals and humans. As differences in
toxicokinetics are related to the 2/3 power of body weight
(39), the toxic effects of the infused fluid correspond to 60
ml/kg (=4.5 liters) in an adult male. Absorption of this volume
occurs over 20-35 min during prostatectomy operations (40),
and assuming that this would also take place in simulations is
not unreasonable. Finally, the hemodynamic data presented
here are selective and are limited to those that are essential for
providing a link to the fluid distribution. For more complete
data, we refer readers to our previous report (20).

Comparisons between hemodynamic responses and
volume kinetic parameters can be a useful approach to
better understand the pathophysiology of shock syndromes.
The present results identify natriuresis as the key factor
promoting hypovolemic hypotension after administration of
3.3 L of electrolyte-free irrigating fluid in pigs. Excessive
sodium loss, which is the result of osmotic diuresis, was
associated with a higher urinary flow rate and the uptake of
fluid to the ICF space at the expense of the plasma volume
alone. Treatment should consist of plasma volume expan-
sion, preferably by a colloid, initiated within 15 min after
fluid absorption (or the operation) ends. Thereafter, hyper-
tonic saline should be provided to replace the excreted
sodium. The administration should be guided by measure-
ments of serum sodium.
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