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ABSTRACT

Background: Core temperature patterns in patients warmed with forced air remain poorly characterized. Also unknown is
the extent to which transient and mild intraoperative hypothermia contributes to adverse outcomes in broad populations.

Methods: We evaluated esophageal (core) temperatures in 58,814 adults having surgery lasting >60 min who were warmed
with forced air. Independent associations between hypothermic exposure and transfusion requirement and duration of hospi-
talization were evaluated.

Results: In every percentile subgroup, core temperature decreased during the first hour and subsequently increased. The mean
lowest core temperature during the first hour was 35.7 + 0.6°C. Sixty-four percent of the patients reached a core temperature
threshold of <36°C 45 min after induction; 29% reached a core temperature threshold of <35.5°C. Nearly half the patients had
continuous core temperatures <36°C for more than an hour, and 20% of the patients were <35.5°C for more than an hour.
Twenty percent of patients had continuous core temperatures <36°C for more than 2h, and 8% of the patients were below
35.5°C for more than 2 h. Hypothermia was independently associated with both transfusions and duration of hospitalization,
although the prolongation of hospitalization was small.

Conclusions: Even in actively warmed patients, hypothermia is routine during the first hour of anesthesia. Thereafter, aver-
age core temperatures progressively increase. Nonetheless, intraoperative hypothermia was common, and often prolonged.
Hypothermia was associated with increased transfusion requirement, which is consistent with numerous randomized trials.

(ANEsTHESIOLOGY 2015; 122:276-85)
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consequently, most warmed patients are normothermic by the
end of surgery.> But, core-to-peripheral redistribution of body
heat precipitously reduces core temperature in the hour after

induction of anesthesia,”!° 211

even in actively warmed patients.
Most patients thus at least initially experience some intraopera-
tive hypothermia. Intraoperative core temperature patterns in
patients warmed with forced air remain poorly characterized.

While randomized trials are considered the highest level of
clinical evidence, they unsurprisingly target at-risk patients.
For example, infection trials targeted colorectal surgery
patients>'? and the largest coagulation studies were conducted
in patients having hip arthroplasties.!*!* Trials thus often lack
generalizability. The extent to which hypothermia trial results
apply to broad surgical populations thus remains unknown.

A second limitation of published hypothermia trials
is that most compared forced-air warming to routine care
which, at the time, was usually just passive insulation. Con-
sequently, temperature differences between the groups were
usually 1.5°-2.0°C at the end of surgery—far more than is
now typical. Whether smaller amounts of hypothermia also
worsen important outcomes remains unknown.

A third issue is that final intraoperative core tempera-
ture poorly characterizes the U-shaped hypothermic expo-
sure that usually results from current thermal management.
Time-weighted averages, which incorporate temperatures
from throughout surgery, would better characterize current
temperature patterns.

And finally, we need to consider that most hypother-
mia trials date from the 1990s. Fortunately, the interven-
ing decades have seen substantial practice improvement.
For example, blood conservation is now routine; minimally
invasive surgery causes less blood loss; and transfusion
thresholds are generally lower. As another example, the only
major study evaluating the effect of hypothermia on hospi-
tal length-of-stay dates to 1996,% a period when colectomy
patients typically stayed in the hospital 2 weeks. Whether
these and similar results still apply remains unknown.

Each of these limitations of existing results can, to an
extent, be addressed through analysis of large current data sets.
The Cleveland Clinic Perioperative Health Documentation
System includes intraoperative core temperature and accurately
characterizes transfusion requirement and hospital length-of-
stay. Initially, we therefore evaluated core temperature in a
large cohort of actively warmed noncardiac surgical patients.
Thereafter, we used these registry data to test the hypothesis
that hypothermic exposure in degree-hours below a threshold
of 37°C is associated with increased intraoperative red blood
cell transfusion requirement and duration of hospitalization.

Materials and Methods

With Cleveland Clinic Institutional Review Board (Cleve-
land, Ohio) approval, we extracted data on 143,157 adults

* Bowman AW, Azzalini A: R package SM: Nonparametric smooth-
ing methods (version 2.2-5) 2013. Available at: http://cran.r-project.
org/web/packages/sm/index.html. Accessed August 1, 2014.
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having noncardiac surgery at Cleveland Clinic between April
1, 2005 and February 15, 2013. Only the most recent visit
for each patient was used for analysis. We included patients
in whom core temperature was measured in the esophagus.
Virtually all surgical patients are warmed with forced air
(Bair Hugger, 3M, St. Paul, MN); generally, active warm-
ing begins after draping. Prewarming was not used. Ambient
temperature in preoperative holding areas at the Clinic is
generally maintained near 23°C; operating rooms are typi-
cally maintained at 20°-21°C, but can be as low as 18°~19°C
in some rooms. Only 2 of =50 relevant operating rooms are
equipped with laminar flow.

We excluded operations in which the duration of anesthe-
sia was less than 60 min (induction to emergence), as coded
in the electronic anesthesia record. Induction was when
induction doses of general anesthetics were given; emergence
was less precisely defined, but generally when clinicians
began preparing patients for emergence. We also excluded
patients in whom there was less than 30 min of core tem-
perature monitoring, in whom monitoring was disrupted for
more than 30 min, or in whom core temperature monitoring
started more than 45 min after induction of anesthesia.

Artifactual data were removed from each patient’s core
temperature profile according to the algorithm depicted in
figure 1. After artifact removal, temperature profiles were
then smoothed using a Gaussian kernel smoothing algo-
rithm; this is similar to a “sliding window” (or moving
average), except that instead of taking the simple average
of measurements within the window, a weighted average is
taken where the weights are drawn from a Gaussian curve
according to the horizontal distance from the desired esti-
mate. The “ksmooth” function within the “sm” library for
R statistical software Version 3.0.0* was used to produce
the smoothed estimates,'® using a bandwidth parameter of
30 min to define the width of the Gaussian kernel (specifi-
cally, the standard deviation of the Gaussian kernel is 0.25
times the selected bandwidth).

Restricted cubic spline regression curves characterized
the distribution of core temperature measurements over
postinduction time; separate curves were estimated for the
median, 1st, and 3rd quartiles; 1st and 9th deciles; and 5th
and 95th percentile of the core temperatures. Curves were fit
using quantile regression.'®

The incidence of hypothermia—defined according to
progressive core-temperature thresholds of <36.0°, <35.5°,
and <35.0°C—was plotted as a function of postinduction
time to evaluate core-to-peripheral redistribution of body
heat. Pointwise 95% confidence intervals were estimated for
each of these three incidence functions using normal approx-
imation theory for proportions. Nominal confidence inter-
val width was set to three standard errors to better enforce
the 95% confidence level in the presence of multiple simul-
taneous estimates.

For our primary outcome analysis of red blood cell transfu-
sion (coded as a binary outcome) and hospital length of stay,
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Remove all measurements <32°C or >38°C and
all measurements at the beginning of the core
temperature profile until there are consecutive

measurements within 0.5°C of one another

Core Temperature Patterns and Outcomes
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Fig. 1. Flow chart indicating the artifact removal algorithm for intraoperative core temperature measurements.

we removed from consideration patients not admitted on the
same day as their surgery. Also, patients with missing baseline
hemoglobin, baseline platelets, and/or body mass index were
excluded. Furthermore, for the analysis of duration of hospi-
talization, we removed ambulatory surgery patients.

For both outcomes, we characterized the primary hypo-
thermia exposure using an “area under the threshold” measure
defined as the size of the region above the core temperature
versus time curve but below a horizontal line at 37°C. We
analyzed the independent association between area under the
37°C threshold and intraoperative erythrocyte transfusion
using multivariable logistic regression. Likewise, we analyzed
the independent association between area under the 37°C
threshold and duration of hospitalization using multivari-
able linear regression. A sensitivity analysis for transfusion,
in which we excluded massively transfused patients (defined
as receiving four or more units), was performed. Duration of
hospitalization was transformed to approximate normality
using the logarithmic transformation; patients who died in
the hospital were assigned a duration of hospitalization equal
to the maximum observed value among patients discharged
alive, which was 477 days.

For each model, we represented the adjusted relationship
between area under the 37°C threshold and outcome using
cubic splines. Chi-square tests were used to test whether
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or not there was an independent association between area
under the 37°C threshold and outcome. A curve of predicted
probability of transfusion versus area under the 37°C thresh-
old for an “at risk” reference population (of patients > 55 yr
with body mass index < 25 kg/m?, preoperative hemoglobin
< l4g/dl, and duration of surgery > 4h) was visualized, as
was a curve of predicted geometric mean duration of hospi-
talization versus area under the 37°C threshold for all inpa-
tients included in the analysis of duration of hospitalization.
Both models adjusted for year, type, and duration of surgery,
body mass index, age, preoperative platelet count, preopera-
tive hemoglobin, estimated blood loss, and individual anes-
thesiologist, as well as the Elixhauser comorbidities'” (see
table 1 for a listing of these comorbidities). Principal type of
surgery was characterized according to the U.S. Agency for
Healthcare Research and Quality’s Clinical Classifications
Software for International Classification of Diseases and
Injuries, version 9, Clinical Modification procedure codes.
Type of surgery and anesthesiologist categories with insuf-
ficient cell sizes were aggregated into respective all-purpose
“other” categories; specifically, the bottom 10% of cases were
aggregated for each of the two variables. Still, type of sur-
gery and anesthesiologist each were represented by too many
individual levels to reliably model using standard regression
adjustment. Thus, we created surrogate measures for each
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Table 1.
Transfusion

Baseline Characteristics for 45,866 Patients Included in the Analysis of the Association between Hypothermia and

Area under the 37°C Threshold - Quartile-based Groups

First Quartile Second Quartile Third Quartile Fourth Quartile
<1.2°C-h 1.2-2.2°C:h 2.2-3.6°C-h >3.6°C-h
Factor (N =11,474) (N =11,461) (N =11,469) (N =11,462)
Outpatient surgery 26 19 10 3
Estimated blood loss (cc) 48 (10, 100) 50 (20, 150) 100 (50, 250) 200 (100, 400)

2009 (2007, 2011)
13.5 (12.4, 14.5)
255 (211, 306)
137 (104, 191)

Year of surgery

Preoperative hemoglobin (Units)
Preoperative platelets (Units)
Duration of surgery (min)

2009 (2008, 2011)
13.7 (12.7, 14.7)
247 (205, 295)
168 (135, 219)

2009 (2007, 2011)
13.8 (12.7, 14.8)
245 (203, 290)
212 (174, 266)

2009 (2007, 2011)
13.8 (12.7, 14.8)
240 (200, 287)
289 (238, 355)

Body mass index (kg/m?) 28 (24, 34) 28 (24, 33) 28 (24, 32) 27 (24, 32)

Age (years) 53 (41, 64) 56 (45, 67) 58 (47, 68) 60 (50, 69)

Elixhauser comorbidities
Congestive heart failure 3 2 2 3
Valvular disease 2 3 3 3
Pulmonary circulation disorders 1 1 1 1
Peripheral vascular disease 2 3 4 6
Hypertension (uncomplicated) 38 40 43 45
Hypertension (complicated) 3 3 3 4
Paralysis 1 1 1 1
Other neurological disorders 5 6 6 7
Chronic pulmonary disease 12 11 11 11
Diabetes without chronic com- 13 12 13 11
plications
Diabetes with chronic compli- 2 2 2 2
cations
Hypothyroidism 11 11 11 11
Renal failure 4 3 4 5
Liver disease 3 3 3 2
Chronic peptic ulcer disease 0 0 0 0
HIV and AIDS 0 0 0 0
Lymphoma 1 1 1 1
Metastatic cancer 5 5 5 6
Solid tumor without metastasis 10 12 17 26
Rheumatoid arthritis/collagen 3 3 2 3
vascular diseases
Coagulation deficiency 1 2 2 3
Obesity 20 17 17 15
Weight loss 2 2 2 3
Fluid and electrolyte disorders 6 6 8 13
Blood loss anemia 1 1 1 2
Deficiency anemias 6 5 5 6
Alcohol abuse 1 1 1 1
Drug abuse 0 0 0 1
Psychoses 2 2 2 2
Depression 12 11 11 9

Summary statistics presented as either a percentage or median (first and third quartiles).
AIDS = acquired immunodeficiency syndrome; HIV = human immunodeficiency virus infection.

analysis to represent potential confounding effects of each
of these factors.

For the analysis of transfusion, we adjusted for the type-
of-surgery-specific mean area below the 37°C threshold and
the type-of-surgery-specific transfusion rate, as well as the
same two measures specific to each anesthesiologist. The
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same was done for the analysis of duration of hospitaliza-
tion, although the mean duration of hospitalization for each
factor level was used instead of the transfusion rate.

A nominal Type [ error rate of 0.025 was used to restrict
the Type I error rate to 5% for the simultaneous analysis
of two outcomes. R statistical software version 2.15.2 for
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64-bit Unix operating system (The R Foundation for Statis-
tical Computing, Vienna, Austria) was used for all analyses.

Results

Among 143,157 patients considered for our study, 58,814
met criteria for inclusion in the descriptive analysis (fig. 2).
Procedures were diverse (table 2).

Figure 3 displays the distribution of core temperature as
a function of time after induction; generally, core tempera-
ture decreased during the first hour of anesthesia and subse-
quently increased for the duration of surgery. Median core
temperature was about 35.8°C an hour after induction. Core
temperature in the first quartile of patients was about 35.5°C
after an hour, but was less than 35°C in more than 5% of the
patients. The mean lowest core temperature during the first
hour of anesthesia was 35.7 +0.6°C.

Figure 4 shows the incidence of hypothermia under
various core-temperature thresholds. At 45 min after induc-
tion, 64.4% (95% confidence interval: 63.8%, 64.9%) of
the patients reached a core temperature threshold of <36°C;
28.9% (28.0%, 29.1%) of the patients reached a core tem-
perature threshold of <35.5°C at 51 min after induction; and
7.3% (6.9%, 7.6%) of the patients reached a core tempera-
ture threshold of <35°C at 71 min after induction. Even after
6h of anesthesia, about 20% of patients had core tempera-
tures < 36°C, 9% were <35.5°C, and 4% were <35°C.

Figure 5 shows the incidence of hypothermic episodes
of varying duration (>15min, >30min, >60 min, ec.) as a
function of progressive core temperature thresholds. Nearly
half the patients had continuous core temperatures < 36°C
for more than an hour, and 20% of the patients were below
35.5°C for more than an hour (teal line in figure, third from
top). Twenty percent of patients had continuous core tem-
peratures <36°C for more than 2h, and 8% of the patients
were below 35.5°C for more than 2h (pink line in figure,
fourth from top).

Mean core temperature over the duration of anesthesia
in the entire population was 36.0 +0.6°C; final intraopera-
tive core temperature averaged 36.3+0.5°C (882 patients
had missing end-of-case temperatures). While hypothermic
incidences tended to vary across procedure categories, end-
of-case temperatures were consistently above 36°C (table 3).

After removing patients not admitted on the day of sur-
gery and patients with missing data on covariates, 45,866
remaining patients were analyzed for association between
the area under the threshold hypothermic exposure and
transfusion.

The overall distribution of area under the 37°C thresh-
old was log-normal in nature (see histograms in figs. 6 and
7), with a median (Q1, Q3) of 2.2 (1.2, 3.6) degree-hours.
Most patients had at least 1 degree-hour below the 37°C
threshold. Patient characteristics and surgical procedures for
these patients are presented according to quartiles of this area
below the threshold metric in table 1.

Anesthesiology 2015; 122:276-85
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143,157 adults treated for non-cardiac surgery at Cleveland Clinic
between April 1, 2005 and February 15, 2013
—> 71,199 without an esophageal temperature probe or

without surgery >60 minutes in duration
removed

71,958 remaining

s 2,012 patients with <30 minutes of core temperature
monitoring removed

— 983 patients with gaps in valid core temperature
measurements of >30 minutes removed

——> 10,086 patients for whom temperature monitoring did
not begin until after 45 minutes post-induction
removed

s 63 patients with <30 total valid core temperature

measurements removed

58,814 included in descriptive analysis

—> 6418 patients not admitted on the day of surgery
removed
—> 6,530 with missing data on baseline characteristics

removed

45,866 included in comparative analysis on transfusion

l—> 6,686

39,180 included in comparati lysis on duration of hospitali

ambulatory surgery patients removed

Fig. 2. Study flow diagram.

Overall, 2,251/45,866 patients (4.6%) were transfused.
On the basis of our multivariable logistic regression model
(which had a C-statistic of 0.98), we found a significant asso-
ciation between area under 37°C and transfusion (P = 0.018,
significant after the Bonferroni correction). Odds ratios rel-
ative to a reference value of 1 degree-hour are presented in
table 4. Generally speaking, transfusion was increasingly likely
as area under the 37°C threshold increased to more than 4
degree-hours, with an odds ratio (pointwise 95% confidence

Table 2. Top 20 Procedures among 58,814 Patients Meeting
Study Inclusion Criteria

Hysterectomy; abdominal and vaginal 6.1%
Other OR lower Gl therapeutic procedures 5.6%
Colorectal resection 5.5%
Nephrectomy; partial or complete 4.7%
Laminectomy; excision intervertebral disc 4.5%
Open prostatectomy 4.3%
Spinal fusion 41%
Thyroidectomy; partial or complete 3.5%
Other OR gastrointestinal therapeutic procedures 3.4%
Other therapeutic endocrine procedures 3.3%
Incision and excision of CNS 2.5%
Cholecystectomy and common duct exploration 2.5%
Other hernia repair 2.5%
Other OR therapeutic nervous system procedures 2.3%
Other OR therapeutic procedures of urinary tract 2.2%
Other OR therapeutic procedures; female organs 21%
Other OR therapeutic procedures on skin and breast 2.0%
Other OR upper Gl therapeutic procedures 2.0%
Hip replacement; total and partial 1.7%
Arthroplasty knee 1.6%
Other 33.7%

CNS = central nervous system; Gl = gastrointestinal; OR = operating room.
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Fig. 3. Distribution of core temperature as a function of time
after induction among 58,814 patients.

interval) estimate of 1.48 (1.03, 2.13) for transfusion compar-
ing patients with 8 degree-hours to patients with 1 degree-hour.
Predicted probabilities of transfusion for an “at risk” reference
population of patients > 55 yr with body mass index < 25kg/
m?, preoperative hemoglobin < 14g/dl, and duration of sur-
gery > 4 h are given in figure 6. Results of our sensitivity analy-
sis excluding massively transfused patients (n = 429; 0.9%)
were similar to that of the primary analysis.

For the analysis of association between area-under-
the-threshold and duration of hospitalization, we further

Core
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£
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Fig. 4. Incidence of hypothermia as a function of time after
induction, under progressive core temperature thresholds de-
fining hypothermia.

Anesthesiology 2015; 122:276-85

281

60

Episode
Duration
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= >60 minutes
= >90 minutes
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=>180 minutes
20 — >240 minutes

Percent of Patients

0

34.0 34.5 35.0 35.5 36.0
Threshold Defining Hypothermia

Fig. 5. Incidence of (any) hypothermic episodes during the
case, according to progressive core temperature thresholds
defining hypothermia.

removed 6,686 ambulatory surgery patients (fig. 2). Median
[first quartile, third quartile] duration of hospitalization
was 3 [1, 4] days. On the basis of our multivariable linear
regression model (R* = 0.40), we found a significant asso-
ciation between area under the 37°C threshold and geomet-
ric mean duration of hospitalization (? < 0.001), although
the strength of the association was of questionable clinical
importance: the ratio of geometric mean estimates for vari-
ous values of area under the 37°C threshold (compared to
a reference value of 1 degree-hour; see table 4) are all mod-
est, and a plot of predicted mean duration of hospitalization
versus area under the 37°C threshold (fig. 7) reveals estimates
only ranging from 2.4 days to approximately 2.7 days.

Discussion

Core temperature represents temperature of highly perfused
tissues, mostly the trunk and head, representing about half
the body mass. It is the considered the best single tempera-
ture and is the primary determinant of thermoregulatory
responses.'® In contrast, the peripheral thermal compart-
ment (mostly the arms and legs) is typically 2°~4°C less than
core temperature.'”?° The gradient between core and periph-
eral temperatures is determined by the thermal environment
and thermoregulatory vasomotion. Induction of general'® or
neuraxial® anesthesia causes vasodilation, which promotes
heat flow from core to peripheral tissues. This redistribution
of body heat is the primary cause of hypothermia during the
first hour of anesthesia even in actively warmed patients.>!!

The magnitude of redistribution hypothermia is defined
by the reduction in core temperature during the initial hour
of anesthesia. We were unable to precisely determine the
amount of redistribution since accurate preoperative temper-
atures were unavailable—although virtually all patients are
normothermic before induction of anesthesia. Typically, core
temperatures are about 36.5°C for first-start cases (near the
circadian nadir), rising to 37.5°C in the late afternoon and

Sun et al.

Downloaded From: http://anesthesiology.pubs.asahqg.or g/pdfaccess.ashx?url=/data/Jour nals/JASA/931937/ on 03/15/2016



Core Temperature Patterns and Outcomes

Table 3. Distribution of Primary Procedure in the Sample, Along with Incidence of Hypothermia under Varying Core Temperature
Thresholds and End-of-case Temperatures

N (%) with Hypothermia

N (%) of All
Patients

Median (Q1, Q3) End-

Procedure Category <36.0°C <35.5°C <35.0°C of-case Temperature

Operations on the digestive system 16,525 (28.1%) 4,468 (27.0%) 1,078 (6.5%) 148 (0.9%) 36.3 (36.0, 36.6)

Operations on the musculoskeletal
system

Operations on the female genital
organs

Operations on the nervous system
Operations on the urinary system

8,272 (14.1%)
6,637 (11.3%)

6,466 (11.0%)
6,162 (10.5%)

2,407 (29.1%)
2,153 (32.4%)

2,146 (33.2%)
23,73 (38.5%)

764 (9.2%)
531 (8.0%)

590 (9.1%)
716 (11.6%)

173 (2.1%)
73 (1.1%)

129 (2.0%)
111 (1.8%)

36.2 (36.0, 36.6)
36.2 (36.0, 36.5)

36.2 (36.0, 36.6)
36.2 (36.0, 36.5)

Operations on the endocrine 3,692 (6.3%) 607 (16.4%) 123 (3.3%) 16 (0.4%)  36.4(36.1, 36.8)
system

Operations on the male genital 3,253 (5.5%) 984 (30.2%) 256 (7.9%) 41 (1.3%) 36.2(36.0, 36.5)
organs

Operations on the integumentary 3,236 (5.5%) 1,025 (31.7%) 262 (8.1%) 56 (1.7%)  36.2 (36.0, 36.6)
system

Operations on the cardiovascular 2,789 (4.7%) 933 (33.5%) 274 (9.8%) 60 (2.2%) 36.1(35.8, 36.4)
system

Operations on the hemic and lym- 891 (1.5%) 225 (25.3%) 66 (7.4%) 10(1.1%)  36.3 (36.0, 36.6)
phatic system

Operations on the nose; mouth; 389 (0.7%) 83 (21.3%) 25 (6.4%) 6(1.5%) 36.4(36.1, 36.8)
and pharynx

Miscellaneous diagnostic and 237 (0.4%) 64 (27.0%) 18 (7.6%) 1(0.4%) 36.3(36.0, 36.6)
therapeutic procedures

Operations on the ear 109 (0.2%) (9.2%) 1(0.9%) 0(0.0%) 36.4(36.1,36.7)

Obstetrical procedures 63 (0.1%) (23.8%) 4 (6.3%) 0(0.0%) 36.3(36.0,36.7)

Operations on the eye 48 (0.1%) (8.3%) 1(2.1%) 0(0.0%) 36.4(36.2,36.8)

Operations on the respiratory 45 (0.1%) (33.3%) 8 (17.8%) 5(11.1%) 36.3(36.0, 36.6)

system

early evening.?! Furthermore, esophageal temperature moni-
toring did not necessarily start immediately after induction.
Nonetheless, mean core temperatures decreased during the
initial hour of anesthesia, reaching a nadir of 35.7+0.6°C. It
is thus likely that the magnitude of redistribution hypother-
mia was about 1°C, which is similar to previously reports, as
was absolute core temperature after an hour of anesthesia.?>%>

Intraoperative forced air did not prevent redistribution
hypothermia, which is consistent with previous reports!!
and the fact that it results from a large internal flow of
heat from core to peripheral tissues. In contrast, it is well
established that prewarming reduces redistribution hypo-
thermia?*??’ by warming peripheral tissues to nearly core
temperature.”® Without a thermal gradient, the second Law
of Thermodynamics specifies that there can be no flow of
heat—and thus no redistribution hypothermia.

As expected, redistribution reduced core temperature dur-
ing the initial hour of anesthesia. Previous work shows that
unwarmed surgical patients continue to become hypother-
mic until they become cold enough to trigger thermoregula-
tory vasoconstriction, typically at about 34.5°C,*-3! which
prevents further hypothermia by constraining metabolic heat
to the core thermal compartment.?® For example, final intra-
operative core temperatures are typically about 34.5°C in
unwarmed patients having open abdominal surgery.? The pat-
tern in our actively warmed patients differed: after the initial
hour of anesthesia, core temperature progressively increased

Anesthesiology 2015; 122:276-85

throughout surgery. Consequently, 91% of the patients had
core temperatures = 36°C at the end of anesthesia.

Because core temperatures progressively increased after
the initial hour of anesthesia (when redistribution was com-
plete), patients having longer operations were more likely to
be normothermic at the end of surgery. Although counter-
intuitive, it is thus more difficult to end with normother-
mia in shorter than longer cases. Prewarming is thus most
important for short cases, and essential if normothermia is
to be maintained throughout surgery. While prewarming
has a relatively small effect on core temperature, prewarming
would presumably have prevented hypothermia in at least
some of the patients who experienced prolonged periods of
intraoperative hypothermia.

Normal body temperature averages 37°C. Nonetheless,
an intraoperative core temperature of 36°C is widely con-
sidered “normothermic” and existing guidelines suggest a
final core temperature > 36°C. Published trials in regards to
perioperative hypothermia and adverse outcomes were based
on final intraoperative temperatures in patients assigned to
either active warming or passive insulation, which in most
trials resulted in a core temperature difference of 1°-2°C at
the end of surgery. And while some hypothermia-induced
complications probably are based on final temperature (i.e.,
thermal comfort, shivering, adrenergic stress), others such as
blood loss are based on instantaneous tissue temperature and
thus presumably accrue throughout surgery.
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Fig. 6. Adjusted probability of transfusion estimates versus
integrated area above the core temperature versus time curve
and below a threshold of 37°C, Estimates adjusted to an “at-
risk” reference population defined by age > 55 yr, body mass
index < 25kg/m?, preoperative hemoglobin < 14g/dl, and
duration of surgery > 4h. Shaded regions represent point-
wise, Bonferroni-adjusted (for simultaneous analysis on two
outcomes) 95% confidence intervals. The regression model
was based on 45,866 patients who were admitted on the day
of surgery and who had esophageal temperature monitoring.
*Adjusted for year, type, and duration of surgery, body mass
index, age, preoperative platelet count, preoperative hemo-
globin, estimated blood loss, and individual anesthesiologist,
as well as the Elixhauser comorbidities'® (see table 2 for a
listing of these comorbidities). Pr = probability.

It is difficult or impossible to determine from available
hypothermia trials exactly which temperature ranges as well
as which duration of time in a certain temperature range
are most associated with adverse outcomes. It thus seems
important to consider intraoperative temperature patterns
rather than just final intraoperative temperature. Our analy-
sis extends previous work in considering the magnitude of
intraoperative hypothermia, defined in terms of integrated
°C-hours within various temperature ranges, which allows us
to identify time and depth of hypothermia associated with
clinically important worsened outcomes.

Hypothermia trials generally have good internal validity.
They were also largely restricted to specific at-risk patient
populations. For example, most wound infection stud-
ies were performed in patients having colon-rectal surgery,
and most blood loss and transfusion studies included only
orthopedic or cardiac surgical patients. How generalizable
this data might be remains unclear. We therefore included all
noncardiac surgical patients into our analysis.

An important distinction is that essentially all patients
at the Cleveland Clinic are actively warmed whereas the
“control” groups in most hypothermia outcome trials were

Anesthesiology 2015; 122:276-85
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Fig. 7. Adjusted estimates of geometric mean duration of
hospitalization in days versus integrated area above the core
temperature versus time curve and below a threshold of 37°C,
for 39,180 hospital in-patients who were admitted on the day
of surgery and who had intraoperative esophageal tempera-
ture monitoring. Shaded regions represent pointwise, Bonfer-
roni-adjusted (for simultaneous analysis on two outcomes)
95% confidence intervals. *Adjusted for year, type, and dura-
tion of surgery, body mass index, age, preoperative platelet
count, preoperative hemoglobin, estimated blood loss, and
individual anesthesiologist, as well as the Elixhauser comor-
bidities'® (see table 2 for a listing of these comorbidities).
LOS = length of stay.

only provided with passive insulation. But even with forced-
air warming, intraoperative core temperatures are often less
than 36°C. For example, 20% of our warmed patients had a
core temperature less than 35.5°C for at least an hour (i.e.,
0.5°C-hour for a 36°C threshold); 5% of our actively warmed
patients were a °C-hour below 35°C. Whether these lesser
amounts of hypothermia affect outcome remains unknown.

Transfusion requirements progressively increased from 1
to 8°C-hour below 37°C. That hypothermia impairs platelet
function® and the enzymes of the coagulation cascade® is well
established, as is the relationship between hypothermia and
blood loss.! Furthermore, numerous randomized trials, sum-
marized in a meta-analysis,! show that hypothermia increases
transfusion requirements. Specifically, core temperatures
around 35.5°C at the end of surgery significantly increased
the relative risk for transfusion by approximately 22% (CI
3-37%). Our registry analysis extends previous work by
including a broad noncardiac surgery population rather than
generally being restricted to procedures known for blood loss.

The other outcome we evaluated was hospital length-of-
stay which was significantly prolonged, but not by a clini-
cally meaningful amount (i.e., from =2.4 to =2.7 days in
the range from 0.5 to 4°C-hour below 37°C. In contrast, the
single major trial evaluating the duration of hospitalization
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Table 4. Association between Intraoperative Hypothermia
and Outcomes Transfusion Requirement and Duration of

Hospitalization

Adjusted* Ratio of

Adjusted” Odds Ratio Geometric Mean

Area under 37°C  Erythrocyte Transfusion
(degree-hours)

(Pointwise 95% CI) for

Intraoperative

(N = 45,866)

Duration of
Hospitalization

(Pointwise 95% Cl)

(N = 39,180)

0.25 1.34 (1.04,1.73) 0.96 (0.90, 1.03)
0.50 1.10(0.98, 1.24) 0.97 (0.93, 1.01)
1.00 (Reference) (Reference)

2.00 1.00 (0.89, 1.13) 1.03 (1.00, 1.05)
4.00 1.12 (0.91, 1.39) 1.06 (1.03, 1.09)
8.00 1.41 (1.08, 1.84) 1.05(1.01, 1.10)
16.00 2.02 (1.30, 3.14) 0.96 (0.86, 1.08)

*Estimates adjusted for year, type, and duration of surgery, body mass
index, age, preoperative platelet count, preoperative hemoglobin, esti-
mated blood loss, and individual anesthesiologist, as well as the Elixhauser
comorbidities, which are listed in table 1.

Cl = confidence interval.

observed a 20% prolongation in patients who were 2°C
hypothermic at the end of surgery.” Although integrated core
temperature was not determined in that study,? the differ-
ence between the groups was probably well over 4°C-hour.
Sparse available data thus suggest that moderate degrees of
hypothermia have little effect on the duration of hospitaliza-
tion, but that substantial amounts may produce clinically
important prolongations.

Active warming is not yet a worldwide standard-of-care.
It is thus likely that a substantial fraction of the roughly 240
million patients having noncardiac surgery each year reach
core temperatures that increase transfusion requirements
and prolong hospitalization. This cost to the healthcare sys-
tem surely exceeds the now-modest price of active warming.

Our analysis was restricted to two major hypothermic
complications: transfusion requirement and hospital length-
of-stay. Other major outcomes demonstrated in randomized
trials include surgical wound infection and morbid myocar-
dial outcomes. They were not included here simply because
neither is reliably included in our registry.

There is a temperature gradient within the esophagus.
Probes inserted insufficiently far may thus be cooled by respi-
ratory gases in the adjacent trachea. While our routine practice
is to insert the probes about 40 cm which is enough,* we can-
not determine how often probes were only proximally inserted.
Similarly, we have no way of determining the extent to which
temperatures monitored at less reliable sites might have been
inadvertently coded as esophageal temperatures in our elec-
tronic record. Either factor would result in artifactually low
temperatures. However, we show that low esophageal tempera-
tures are significantly associated with transfusion requirement
and the duration of hospitalization. If artifact contributed sub-
stantially to low apparent temperatures, there is no reason to
believe that they would be associated with hypothermic com-
plications. That they were thus suggests that recorded low tem-
peratures indeed represented patient hypothermia.

Anesthesiology 2015; 122:276-85

Core Temperature Patterns and Outcomes

Our analysis is restricted to a single center. Results will
differ in other centers to the extent that they use different
preoperative and intraoperative ambient temperatures, more
laminar flow, have shorter or longer cases, or a different case-
type mix. Results will also differ to the extent that other cen-
ters use more or less effective active warming. We restricted
analysis to patients in whom temperature monitoring was
coded as esophageal in our electronic anesthesia record.
While our routine is to start forced-air warming after drap-
ing, it is possible that warming was delayed in some patients.

As with any retrospective analysis, we present associations,
which should not be considered evidence of causality. But
in this case, causality has already been demonstrated in ran-
domized trials. Our results are more-or-less consistent with
randomized results and extend previous work by addressing
important issues specifically suited to a registry analysis: (1)
generalizability, (2) the smaller magnitude of hypothermia
that is now common in actively warmed patients, (3) the
distinction between final core temperature and transient
intraoperative hypothermia, and (4) practice changes in the
decades since most randomized trials were conducted.

In summary, core temperature decreased during the first
hour and subsequently increased in every percentile subgroup.
More than half the patients had core temperatures below
36°C within the first hour of anesthesia, and nearly a third
had core temperatures below 35.5°C during this period. Even
in actively warmed patients, redistribution thus contributes to
hypothermia in the first hour of anesthesia. Thereafter, core
temperature progressively increased. Nonetheless, intraop-
erative hypothermia was common, and often prolonged. For
example, nearly half the patients had continuous core temper-
atures < 36°C for more than an hour, and 20% of the patients
were <35.5°C for more than an hour. Mean core tempera-
ture over the duration of anesthesia, 36.00.6°C, was thus
lower than final intraoperative core temperature which aver-
aged 36.3£0.5°C. Our outcome analysis differs from previ-
ous reports in considering hypothermic exposure throughout
surgery, not just to final intraoperative temperature and that
it includes a large variety of surgical procedures. While hypo-
thermia significantly increased both transfusion requirements
and duration of hospitalization, only the increase in transfu-
sions was clinically important. Additional randomized trials
are needed to evaluate outcomes of very mild hypothermia
(i.e., between 35° and 36°C) and whether maintaining even

higher temperatures (i.e., between 36° and 37.5°C) are helpful.
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