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Abstract

Aims—It is unclear what effect therapeutic hypothermia may have on renal function, because its
effect has so far been primarily evaluated in settings in which there may be possible confounding
perturbations in cardiovascular and renal physiology, such deep intra-operative hypothermia,
general anesthesia, and post-cardiac arrest. We sought to determine if therapeutic hypothermia
affects renal function in awake patients with normal renal function who were enrolled into a
clinical trial of hypothermia plus intravenous thrombolysis for acute ischemic stroke.

Methods—Eleven patients with normal renal function were cooled to 33°C for 24 hours using an
endovascular catheter, and then re-warmed over 12 hours to 36.5°C, while hourly temperature,
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blood pressure, and fluid status data was recorded. Blood samples for blood urea nitrogen (BUN),
creatinine, and hematocrit were drawn prior to treatment (baseline), immediately after
hypothermia and re-warming (day 2), and again at day 7 or discharge, and values compared.

Results—On initiation of cooling, temperatures dropped from a median pre-treatment value of
36.1°C (IQR: 35.8 — 36.4°C) to 33.1°C (IQR: 33.1 — 33.4°C). Urine output decreased 5.1 ml/hr for
every 1°C decrease in body temperature (p-value = 0.001), with no associated serious adverse
events. There were no statistically significant changes in BUN, creatinine, or hematocrit in the
hypothermia patients.

Conclusion—Inducing hypothermia in patients with relatively unperturbed renal physiology
results in a decrease in urine output that is linearly correlated with the decrease in core
temperature. This has important implications for fluid management in patients undergoing
therapeutic hypothermia.

Index Medicus medical subject headings

Hypothermia, Induced; Body temperature; Renal Insufficiency, Acute; Kidney Function Tests;
Fluid balance; Stroke, Acute

Introduction

After two prospective trials found that therapeutic hypothermia to a target temperature near
33°C significantly improved neurological outcome in comatose survivors of cardiac arrest
1.2 it was adopted into guidelines for treatment of these patients 34, and is being
implemented with increasing frequency around the world®:6:7:8:9,10,11,

Hypothermia results in a variety of physiological side-effects, such as bradycardia,
bronchorrhea, hemoconcentration, and hyperglycemia, and (at temperatures less than 30°C)
EKG abnormalities, increased cardiac sensitivity predisposing to ventricular fibrillation,
oliguria, and decreased mentation 12:13:14. The Intravascular Cooling for the Treatment of
Stroke-Longer window (ICTuS-L) trial is a multi-center, prospective, randomized and
controlled trial investigating therapeutic hypothermia to 33°C combined with thrombolysis
in patients with acute ischemic stroke. We present here the results of an exploratory sub-
study that was triggered by a bedside observation in study patients: hourly urine output
appeared to decrease with hypothermia, and return back to normal with re-warming.
Unfortunately, a clear understanding of the effect of hypothermia on urine output in humans
is obscured by the fact that it has so far been primarily evaluated and described in patients
with confounding perturbations in cardiovascular and renal physiology, such as patients
exposed to unregulated environmental hypothermia, undergoing deep intraoperative
hypothermia with or without circulatory arrest 1°:16, under spinal or general anesthesia 17,
or who are critically-ill after cardiac arrest 18. We therefore undertook a retrospective study
of patients who had been enrolled into the ICTuS-L trial as of the date of the analysis in
order to determine how induction of a moderate degree of therapeutic hypothermia affects
renal physiology in awake patients with relatively normal renal function and undisturbed

physiology.

METHODS AND MATERIALS

Study Design, Setting and Population

The overall ICTuS-L trial design has been published 1°. The study was approved by the
institutional review boards at each site, and informed consent was obtained from each
research subject or an approved surrogate prior to enroliment. This sub-study was a
retrospective analysis of recorded data from a subset of consecutively enrolled patients. At
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the time of data acquisition the ICTuS-L trial had been implemented at five urban
university-affiliated institutions with active stroke teams, and the subset of patients in this
study were those who had been enrolled from trial initiation (October 2003) to January 2006
(with the exception of one patient who did not have fluid data available). Inclusion criteria
have been published previously 1, and include adults age 18 to 80 presenting with acute
ischemic stroke within 6 hours of onset. Exclusion criteria, also published previously,
include significant comorbidity, heart failure and renal insufficiency or dysfunction.

Hypothermia Protocol

The procedure used to induce and maintain hypothermia in the ICTuS-L study, described
previously 19, utilized an endovascular cooling catheter placed in the inferior vena cava
(IVC) to rapidly cool patients to a target core temperature of 33°C while shivering was
controlled with meperidine and buspirone, with the use of an external warming blanket (kept
at a constant setting) to suppress input from cutaneous thermoreceptors. After 24 hours of
therapeutic hypothermia induction and maintenance, patients began a precisely controlled
re-warm of 0.3°C per hour over about 12 hours, to a target-temperature of 36.5°C.

Blood was drawn from patients immediately prior to treatment with hypothermia (pre-
treatment) and then again at 36 hours (post-treatment, day 2, after the patient had completed
the re-warm), and at 7 days or discharge, whichever was earlier, and laboratory data entered
prospectively into an online database.

Data collection and imputation

Per protocol, all included patients had baseline blood urea nitrogen (BUN), serum creatinine,
and estimated glomerular filtration rates (GFRs) in the normal range. Hypothermia patients
had foley urinary catheters placed, and the following were recorded on an hourly basis
throughout the 36-hour hypothermia and re-warm period: 1) core temperature, 2) urine
output and, because exogenous fluid administration can affect urine output, 3) net fluid - the
intravenous fluid (IVF) volume minus the urine output. The IVF volume recorded was
inclusive of all 1V fluids administered, including intravenously administered medications
and minimal “to-keep-open” (TKO) drips. In addition, a systolic blood pressure (SBP) and
diastolic blood pressure (DBP) were recorded for each hour by protocol.

Urine output was recorded from the beginning of hypothermia induction (just as cooling was
initiated, when patients were still normothermic) through to the end of the re-warming
period (when patients had been brought back up to a core temperature of 36.5°C). On
occasion, urine output was not recorded, usually because the patient was undergoing a
procedure in the ICU. In order to ensure an optimally relevant hour-by-hour comparison of
core temperature and urine output, any missing urine output for an hour was interpolated by
dividing the volume noted in the urinary collection bag at the next recorded hour by the
number of intervening hours since it was last recorded. Time-points for which missing data
could not be easily interpolated were excluded, as were any time-points during and
immediately after which any of the following specific extraneous factors capable of
affecting renal blood flow or function were present: 1) the use of pressors or diuretics, 2)
episodes of hypotension or hemodynamic instability.

BUN (mg/dl), serum creatinine (mg/dl), and blood hematocrit (%) were collected for each of
the patients before treatment, after treatment (day 2), and - when available - at 7 days post-
treatment (or at hospital discharge, whichever was earlier). Hematocrits were evaluated with
the assumption that an acute change (hemodilution or hemoconcentration) would be a
surrogate for an acute change in fluid status not reflected by a change in BUN or creatinine.
In 13 northothermic control patients, the same laboratory data was recorded, but urine output
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and temperature data was not available with hourly frequency, since the protocol did not
mandate ICU admission for these patients.

Statistical analyses

Results

A random effects regression model (with each patient included as a random effect) was used
to assess associations between A) temperature and urine output and B) temperature and net
fluid during hypothermia and the re-warm. Random intercept and random slope models were
fit and the best model was chosen using the likelihood ratio goodness of fit test. As a
sensitivity analysis, a nonparametric model was also fit to pooled patient data using re-
sampling (bootstrap) techniques with 1000 replicates. The 95% confidence intervals for the
coefficient of the linear or quadratic temperature effect were calculated using an accelerated
bias-corrected (BCa) method 20.

In all models, temperature was centered by the lowest temperature of all patients such that
the intercept terms in models used to assess for associations between temperature and urine
output and temperature and net fluid could be interpreted easily. Laboratory values for BUN,
serum creatinine (Cr), and blood hematocrit (Hct) are presented as medians with
interquartile ranges, and the Wilcoxon signed-rank test was used to make pair-wise
comparisons between the three time points studied, with a Hochberg adjustment applied to
the p-values for the three multiple comparisons. Lab values at baseline, day 2 and day 7
were compared between hypothermia patients and normothermia patients using a Wilcoxon
Rank-sum test.

All statistical analyses were performed using the software R 2.1.1 (www.R-project.org).

Baseline demographics

Baseline demographics are outlined in Table 1. There were no differences in median age,
cardiovascular risk factors or stroke severity between hypothermia and normothermia
patients.

Temperatures

Eleven patients had undergone the therapeutic hypothermia protocol as of the
implementation of this retrospective sub-study. On initiation of cooling, their temperatures
dropped from a median pre-treatment temperature of 36.1°C (1Q range: 35.8 — 36.4°C), to a
median plateau value (defined previously 19) of 33.5°C (IQ range: 33.2-33.9°C) in a
median time of 2 hours (1Q range: 1-2 hours), with a median average post-plateau
temperature during the cooling phase of 33.9°C (IQ range: 33.3 — 34.5°C). The median
lowest temperature reached was 33.1°C (1Q range: 33.1 — 33.4°C). In the 13 normothermic
patients, the median temperature during the first 24 hours post-enrollment was 36.6°C (1Q
range: 36.2 — 37.6°C).

Urine output and fluid status

A total of 398 hours of data were available in the hypothermia group. Urine output was
interpolated in the manner described in Methods for 33 of them. Sixteen of the 398 hourly
time-points of data were excluded for the following reasons: six due to diuretic use, eight
consecutive time-points in one patient due to use of “renal-dose” dopamine, and two
consecutive time-points in another patient due to hemodynamic instability which developed
during the last two hours of the re-warm period (hours 35 and 36). An observational
correlation between lower temperature and lower urine output was frequently seen in
individual patients (Figure 1A). The urine output fell below 20 ml/hr in 93 of the 382
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remaining hourly time-points, with complete cessation of urine output (0 ml/hr) in 21 of
them (seen in four of the eleven hypothermia patients). Over the 24 hrs of hypothermia and
12 hours of controlled re-warming, hypothermia patients accrued a median net positive fluid
balance (more IV fluid in than urine out) of 3.7 liters (IQR: 3.1 — 4.8 L). All had resolution
of oliguria by the end of the re-warm period (hour 36), except for one, who recovered
normal urine output after that time point. The statistical analysis revealed a significant linear
association between urine output and core temperature (coefficient=5.095, p-value = 0.0012)
in which the urine output decreased 5.10 ml/hr for every 1°C decrease in body temperature
(Figure 2). There were no serious adverse events directly attributable to this. While in some
individual patients there also appeared to be a gross correlation between temperature and net
fluid status, with lower temperatures being associated with a tendency to be in a positive
fluid balance (Figure 1B), a statistically significant relationship was not detected for the
group as a whole.

Blood pressures

Two of the 398 hourly time-points of data were excluded due to hemodynamic instability (in
a single patient). The median of all the remaining hourly systolic blood pressures (SBPS) in
the hypothermia patients was 139 mmHg (interquartile range (IQR): 125 — 155). The median
hourly diastolic blood pressure (DBP) was 73 mmHg (IQR: 64 —83). The median mean
arterial pressure (MAP), calculated with the formula MAP= DBP + 1/3(SBP — DBP) at each
time-point, was 94 mmHg (IQR: 86 — 107). The lowest SBP seen at any time-point in any
patient during the active hypothermia treatment phase (hours 1 through 24) was 97 mmHg,
and the lowest MAP was 65 mmHg.

Blood urea nitrogen, serum creatinine and hematocrit

The median BUNSs, creatinines, and hematocrits in hypothermic and normothermic patients
at each time-point collected are presented in Table 2, with trends and group comparisons
presented there and in Figures 3 — 5. There were no statistically significant differences
between time-points in the hypothermia group. In addition, there were no statistically
significant differences in BUN/Cr ratios between the time-points in the hypothermia group,
with median (and interquartile ranges, or IQR) values of 15.83 (IQR: 14.49 — 20.42), 17.65
(IQR: 13.45 - 25.86), and 16.67 (IQR: 10.00 — 18.38) at pre-treatment, post-treatment (day
2), and day 7 respectively. In normothermic group, on the other hand, the median post-
treatment (day 2) BUN and creatinine were lower than those at pre-treatment (p = 0.025 and
p = 0.0049 for BUN and creatinine, respectively) and those in the hypothermia group at day
2 (p=0.032 and p = 0.006, respectively, Figure 3).

Inspection of trends in individual patients revealed a decrease in hematocrit between
baseline and day 2, a trend that almost reached statistical significance in hypothermia
patients as a group (p=0.058) and was statistically significant in normothermic control
patients as a group (p = 0.0051). While one of the hypothermia patients was eventually
diagnosed with chronic anemia resulting from a gastric carcinoma, none of the patients had a
documented episode of acute blood loss significant enough to explain the acute decrease in
hematocrits.

Discussion

We found that moderate hypothermia in stroke patients with no other cardiovascular or
physiological derangements was associated with a reduction in hourly urine output that
correlated linearly with core temperature. There were no documented blood pressure
perturbations that could have accounted for this. Dehydration is very unlikely to have been
present or contributory because patients were given intravenous fluids, and ended up with
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net fluid balances that were several liters positive. While no patient appeared to suffer an
adverse effect from the temporary oliguria, and there were no changes in BUN, creatinine
and hematocrit that were specific to hypothermia, the oliguria seen was at times close to or
at 0 ml/hr for consecutive hours.

The results of our study are unique because they highlight the effect of a moderate degree of
therapeutic hypothermia on urine output in awake patients with no other physiological or
hemodynamic disturbances that might affect the kidneys, the presence of which has
previously confounded a clear assessment of its effect. In a prior study, hypothermia to
around 30°C in endotracheally intubated, anesthestized patients significantly decreased
glomerular filtration rate (GFR) and renal plasma flow, and slightly decreased urinary flow,
but the anesthesia and spinal blocks used, in and of themselves, were shown to have similar
though less marked effects 17. In another study, profound hypothermia to 20°C in patients
undergoing cardiopulmonary bypass increased GFR and increased flow of hypo-osmolar
urine 15, but general anesthesia used has itself been found to confounding effects on renal
function and urine output 21:22. Cardiac arrest survivors treated with hypothermia to 32—
34°C had a relative delay in the post-arrest return of normal creatinine clearance 18, but renal
dysfunction is a common occurrence in survivors of cardiac arrest, and manifests as acute
renal failure in up to a third of patients 23:24, Cold water immersion results in a diuresis of
dilute urine 25:26, but immersion in water itself, regardless of temperature, induces humoral
and hemodynamic changes that may increase urine output more significantly than the
hypothermia itself 26:27:28,

The decrease in urine output we found with therapeutic hypothermia could have been
specific to hypothermia-related interventions used in our protocol, such as the use of a
warming blanket, the use of an endovascalur catheter, or administration of meperidine and
buspirone. Diuresis from hypothermia may be due to a vasoconstriction of the peripheral
vasculature that shifts blood into to the central circulation 17:28, and the warming blanket we
used may have lessened the degree of re-distributive peripheral vasoconstriction that might
have otherwise occurred with hypothermia. However, this would account for an abolition of
a cold-induced diuresis, but not for the oliguria noted. The catheter sitting in the inferior
vena cava may have directly imparted a local temperature effect on the adjacent
retroperitoneal space and kidneys, independently affecting urine output. This is unlikely,
however, because 1) the liters of vena caval blood flowing past the catheter every minute are
likely to have quickly “washed out” any local temperature gradients and 2) temperature-
sensing urinary catheters, used for confirmatory core temperature assessments as part of the
protocol, revealed temperatures that were closely matched with those from the temperature
probe built into the endovascular catheter (data not shown), and did not reveal a profound
hypothermic effect in the retroperitoneal compartment. Finally, an oliguria side-effect from
meperidine and busipirone is possible and cannot be definitively excluded; but this is
unlikely, as oliguria is not a clearly documented side-effect of these medications.

While hypothermia was associated with oliguria in our study, it was not associated with a
statistically significant increase in BUN or creatinine. The drop in BUN and creatinine seen
in normothermic controls on day 2 may represent the possibility that a majority of our stroke
patients were dehydrated (i.e., had relatively elevated BUNs and creatinines) when they
presented, and that, with customary administration of maintenance intravenous fluids, this
dehydration was reversed by day 2. Dehydration, which affects blood viscosity and
coagulability, has been identified as a possible precipitant risk factor for acute ischemic
stroke 2%:30:31+32:33, The decrease in hematocrit noted between pre-treatment and day 2
may also be accounted for by dehydration; i.e., patients may have been hemoconcentrated
when they presented, and were rehydrated and relatively hemodiluted by day 2.
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The data reported above has to be taken in context of certain limitations of our study. This
was a partially retrospective study with a small number of patients. We did not have serial
urine output data from the normothermia control group to compare to, although there were
no reports of clinically significant oliguria occurring in these patients that were brought to
the attention of the investigators by nursing staff. The changes in hematocrit, BUN and
creatinine we used are only surrogate measures of volume status, and we did not have
confirmatory data from invasive cardiovascular monitoring, since there was typically no
indication for this in our relatively stable patients. In addition, we did not collect laboratory
data in the period between day 2 and day 7, and so cannot definitively say that there wasn’t a
transient alteration in laboratory parameters of renal function that might have developed and
resolved within that period. We did not find a correlation between core temperature and net
fluid balance. This may be because fluid management was not specifically proscribed by
protocol, and was implemented as per clinician discretion, with a typical response to
decreased urine output observed at the bedside being the use of intermittent fluid boluses.
Since these fluid boluses tended to produce large, intermittent, high-amplitude spikes in
hourly net fluid, resulting in a significantly more prominent hourly variation in net fluid
when compared to urine output (which tended to have a noticeably smoother, lower-
amplitude hourly variation; data not shown), the detection of an effect may have been
obscured.

Conclusion

Inducing hypothermia in patients with relatively unperturbed renal physiology and
hemodynamic status results in a decrease in urine output that is linearly correlated with the
decrease in core temperature. This has important implications for fluid management in
patients undergoing therapeutic hypothermia. Further study is required to confirm this effect,
but our data suggest that urine output and fluid status should be carefully monitored in these
patients.
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Figure 1.

A, Hourly urine output as correlated with core temperature (with a regression line) in one of
the hypothermia patients. B, Hourly net fluid status (the intravenous fluid volume minus the
urine output) as correlated with core temperature for the same patient.
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Figure 2.

Hourly urine output (UOP) as correlated with centralized temperature (defined as the
patient's temperature minus the lowest temperature of all patients in the study) for the entire
group of hypothermia patients.
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Figure 3.

A) Comparison between normothermic control and hypothermia patients’ serum creatinine
(CREAT), and B) serum blood urea nitrogen (BUN). Individual patients are shown in grey
in the background (solid lines, hypothermia; dashed lines, normothermia controls). Each
thick line represents a group (black, hypothermia; hatched, normothermia), with median and
interquartile range values shown at each time-point. Bl, baseline; d2, day 2 (post-treatment,
at completion of hypothermia and re-warm); d7, day 7.
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Baseline demographics of hypothermia and normothermia patients.

Table 1

Hypothermia Normothermia p-value

Age 74 (IQR:63.00-77.50) | 67 (IQR:49.00— 0.164
75.00)

Gender >0.9999

Male 6 (56%) 6 (46%)

Female 5 (46%) 7 (54%)

Race/ethnicity 0.149

Caucasian 11 (100%) 9 (69%)

Black 0 (0%) 3(23%)

Asian 0 (0%) 1(8%)

Cardiovascular

risk factors

History of 10 (77%) 9 (82%) >0.9999

hypertension

History of 1 (9%) 4 (31%) 0.327

diabetes

History of 2 (18%) 2 (15%) >0.9999

cerebrovascular

disease

Smoking 6 (55%) 8 (62%) >0.9999

Baseline

neurological

deficit

Baseline NIHSS | 14.0 (IQR: 10.0-14.0 | 16.0 (IQR: 12.5- | 0.45

16.0) 19.5)

Pre-stroke 0.458

debility

mRS 0- 2 (mild) | 10 (91%) 13 (100%)

mRS 3-6 (more 1 (9%) 0 (0%)

severe)

Page 13

Data is presented as medians with interquartile ranges (IQR) or as absolute numbers with percentages (n(%)). NIHSS = National Institutes of
Health Stroke Scale score, a measure of stroke severity on a scale from 0 (no deficit) to 42 (severe deficit). mRS = modified Rankin Score, a

measure of baseline pre-stroke debility on a scale from 0 (no symptoms) to 6 (severe debility).
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Table 2
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The median values (with interquartile ranges) of blood urea nitrogen (BUN), creatinine (Cr) and hematocrit

(Hct) in hypothermic and normothermic patients at each time point.

Hypothermia Normothermia
BUN (mg/dl)
Baseline 19 (IQR: 15 - 25) 19 (IQR: 16.0 — 20.0)
Day 2 23 (IQR: 16.5 - 28) 14 (IQR: 8.0 - 17.0) ** 11
Day 7 15 (IQR: 9.0 - 16.5) 14 (IQR: 12.0 - 17.0)
Cr (mg/dl)
Baseline 1.1(IQR:0.95-1.2) 1.0 (IQR: 0.9-1.3)
Day 2 1.1 (IQR: 1.05-1.3) 1L0(IQR: 0.8-1.1) *
Day 7 0.9 (IQR: 0.8 - 0.95) 1.0 (IQR: 0.7 -1.2)
Hct (%)
Baseline 39.30 (IQR: 36.35 —44.40) | 40.2 (IQR: 37.7 —41.8)
Day 2 38.80 (IQR: 33.40-41.30) | 384 (1QR: 32.5-40.0) 11
Day 7 38.45 (IQR: 37.23 - 40.65) | 35.4 (IQR: 31.3 — 40.5)

*
statistically significant between groups with a p-value <0.05

(p-value <0.01);

Tstatistically significant between time-points within the group, with a p-value <0.05

TJr(p—value <0.01).
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