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dogs with severe heat stroke
Guang-Ming Chen1*, Yu-Ying Lan2, Cheng-Feng Wang1, Hai-Xia Zhan1, Wen-Rui Wang3, Jin-Hua Chen4

and Jian Chen5*
Abstract

Background: We have previously reported that hemofiltration (HF) may be an effective additional means of
treating heat stroke when rapid cooling is not effective.

Methods: Dogs were assigned to a heat stroke (control) or heat stroke + hemofiltration (HF) group (n = 8 each
group). After heat stroke induction, dogs in the HF group received HF for 3 h. Serum concentrations of interleukin
(IL)-10, tumor necrosis factor (TNF)-α, IL-6, blood urea nitrogen (BUN) and creatinine were measured at baseline and
1, 2, and 3 h after heat stroke. Clearance rates of solutes were determined 1, 2, and 3 h after the start of HF.

Results: Serum concentrations of all solutes tended to increase with time after heat stroke in the control group,
but decreased (BUN, creatinine) or remained relatively unchanged (TNF-α, IL-6, IL-10) with time in the HF group.
Concentrations of all solutes were significantly lower in the HF group compared with the control group at 2 and
3 h (P < 0.05). Clearance rates for small molecular weight solutes were high, while those for larger molecular weight
solutes were low.

Conclusion: HF prevents heat stroke-induced increases in serum cytokine concentrations and is effective for clearing
small molecular weight solutes from serum, but less effective for clearing larger molecular weight solutes, including
TNF-α, IL-6, and IL-10.
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Background
Heat stroke is a common condition indicated by an in-
creased core body temperature (>40°C), central nervous
system dysfunction, and often also cardiovascular dys-
function [1,2]. Inflammatory and immunologic changes
are also common [3,4]. Of note, estimates suggest that
there are approximately 600 heat-related deaths per year
in the United States [5]. Furthermore, heat illness among
high school athletes in the United States is the most
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common cause of morbidity and mortality [6]. The onset
of heat stroke can be abrupt, and may result in multiple
organ damage with consequent long term dysfunction or
death [1,7]. Prompt treatment is therefore essential to
ameliorate hyperthermia and the risk of long term dis-
ability or death. The current standard of care for heat
stroke is reducing core temperature by active cooling
through cold water immersion [2,8]. Unfortunately, such
treatment is ineffective in approximately one-third of pa-
tients [9,10]. As a consequence, we and others have been
investigating additional methods for the treatment of
heat stroke.
In a previous study, we reported that continuous hemo-

filtration (HF), a technique often used in the treatment of
critically ill patients with acute renal failure in intensive
care settings [11,12], helped to rapidly reduce core body
temperature, stabilize hemodynamics, improve homeosta-
sis, and increase survival in dogs with severe heat stroke
[13]. Zhou et al. have also recently reported that HF was
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effective for lowering core body temperature, removing
myoglobin, improving organ function, and modulating
acid–base balance and the systemic inflammatory re-
sponse in 16 patients with heat stroke [14]. The precise
mechanisms through which HF exerts these beneficial ef-
fects in heat stroke are unclear.
Because heat stroke is associated with a systemic in-

flammatory response [1], we hypothesized that the previ-
ously observed beneficial effects of HF in heat stroke
[13] may at least in part be due to the removal of solutes
from blood, especially inflammatory mediators. Indeed,
various other studies have demonstrated that HF has
beneficial effects that are presumably mediated by modu-
lation of plasma/serum concentrations of inflammatory
and anti-inflammatory mediators including tumor necro-
sis factor-α (TNF-α), interleukin-6 (IL-6), and interleukin-
10 (IL-10) in animal models of endotoxin-induced lung
injury [15], severe acute pancreatitis [16], and septic shock
[17], and in clinical studies of patients with systemic in-
flammatory response syndrome/multiple organ dysfunc-
tion syndrome [18]. Therefore, in the present study, we
investigated changes in serum concentrations and clear-
ance of the pro-inflammatory factors TNF-α and IL-6 and
the anti-inflammatory factor, IL-10, in dogs following the
induction of heat stroke and HF. We also examined
changes and clearance of two smaller molecular weight
solutes, blood urea nitrogen (BUN) and creatinine.

Methods
Animals
Healthy male dogs (n = 16: purchased from the Department
of Comparative Medicine, Fuzhou General Hospital of
Nanjing Military Region) weighing 11–17 kg were
housed in a temperature (24.7 ± 1.3°C) and humidity
(49.9 ± 6.5%) controlled environment. Animals were
randomly assigned to a control (heat stroke only) or
HF (heat stroke + HF) group (n = 8 per group). The
sample size used was selected with reference to previ-
ous studies [19-21], in which 6–8 animals were used
per group. The study was approved by the Institutional
Review Board of Fuzhou General Hospital of Nanjing
Military Command.

Anaesthesia
Animals were food-deprived for 6 h and then intramus-
cularly injected with ketamine hydrochloride (40 mg/kg)
and atropine (0.05 mg/kg). During the study, anesthesia
was maintained with low dose ketamine hydrochloride.
After the induction of anesthesia, rectal lavage was per-
formed with 200 mL of normal saline to remove residual
faeces. A rectal probe (Philips Technology Co., Ltd,
Beijing, China) was then inserted 10 cm toward the rec-
tum for continuous monitoring of rectal temperature as
the indicator of core temperature.
Catheterization
After the induction of anesthesia, the skin above the
femoral artery/vein was sterilized and an incision was
made. The femoral artery and vein were exposed, and an
8-Fr double-lumen central catheter inserted in each. The
arterial catheter was used for monitoring of arterial pres-
sure and blood gases (Invasive Continuous Arterial Blood
Pressure Monitor, Philips Technology Co., Ltd), and the
venous catheter was used for HF and for collection of
blood samples.

Induction of heat stroke
Severe heat stroke was induced by exposing animals to a
high temperature as previously described [13,22]. Briefly,
two dogs at a time (one from each group) were placed
in a high temperature climate cabin (Nanfang Medical
University, Guangdong, China) with a temperature of
36 ± 0.5°C and a humidity of 70% to simulate a megather-
mal climate. Severe heat stroke was indicated by a rectal
temperature > 42°C and a transient decrease in mean ar-
terial pressure > 25 mmHg. Upon induction of heat stroke,
dogs were removed from the chamber, and those in the
control group observed at room temperature, and those in
the HF group subjected to HF.

Hemofiltration
HF was carried out using a hollow fiber hemofilter with
a polysulfone membrane (membrane area = 1.4 m2 with
cut off value of 30 kDa; Fresenius, Oberursel, Germany).
The circulation tube was first flushed with normal saline
containing 25 IU/mL heparin for 30 min in order to
heparinize the tube. Tube and filter were then flushed
with 200 mL pre-collected blood (200 mL) in order to
prevent anemia due to dilution. Next, the central cathe-
ters in the femoral artery and vein were connected to
the arterial and venous ends of the machine, and hemo-
filtration was initiated. No ultrafiltration was done, so
volume expansion did not occur. The only fluid added
was only replacement of the fluid in the filtrate. Heparin
(1250 IU/kg) was given via the femoral artery 1 min be-
fore HF, and maintenance heparin (625 IU/kg/h) was
given during HF via a micro bolus pump. HF was per-
formed for 3 h at a blood flow rate of 70 ml/min and a
fluid replacement rate of 200 ml/kg/h. The replacement
fluid contained 138.28 mmol/L Na, 106.58 mmol/L Cl,
35.72 mmol/L bicarbonate, 2.71 mmol/L Ca, 1.52 mmol/
L Mg, 9.26 mmol/L glucose, and 4.02 mmol/L K. The
temperature of the replacement fluid was 24.69 ± 1.28°C.

Outcome measurements
Peripheral blood counts (white blood cells [WBC], neu-
trophils, leukocytes, red blood cells, and platelets) were
the primary outcome measure and were determined be-
fore the induction of heat stroke (baseline), when heat
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stroke was first detected (0 h), and 1, 2, and 3 h after
heat stroke.
Serum concentrations of 5 solutes, IL-10, TNF-α, IL-6,

BUN, and creatinine, were also measured before the in-
duction of heat stroke (baseline), when heat stroke was
first detected (0 h), and 1, 2, and 3 h after heat stroke.
Concentrations of TNF-α, IL-6, and IL-10 were measured
using commercially available enzyme-linked immunosorb-
ent assay kits (Beijing Meidike Biotechnology Co., Ltd.,
Beijing, China). Concentrations of BUN and creatinine
were measured using an Olympus AU2700 automatic bio-
chemical analyzer (Olympus Inc., Tokyo, Japan).
In the HF group, 2 mL of filtrate were collected at 1, 2,

and 3 h, and centrifuged at 3000 r/min for 30 min. Ultra-
filtrate concentrations of IL-10, TNF-α, IL-6, BUN, and
creatinine were measured as already described.
Clearance rates for IL-10, TNF-α, IL-6, BUN, and cre-

atinine were determined 1, 2, and 3 h after the start of HF
[19]. Clearance rates were calculated as follow: Clearance =
(E/P) ×QE, where E and P are the concentrations of spe-
cific solutes in filtrate and serum, and QE is the liquid vol-
ume at the outflow end (=QD+QUF). QD refers to the
amount of fluid displacement due to hemofiltration and
QUF refers to the ultrafiltration-overflow volume. For this
study no ultrafiltration was done, unlike the clinical stud-
ies that combine hemofiltration and ultrafiltation. There-
fore, QUF was 0; and hence QE was equal to QD.

Statistical analysis
Data are presented by mean ± standard deviation and
were compared by analysis of variance with Bonferroni
correction for post-hoc comparisons. Data were analyzed
using SPSS 15.0 statistics software (SPSS Inc, Chicago,
IL). The significance level was set at P < 0.05 for compar-
ing the difference between control and HF groups at a
Table 1 Comparison of peripheral blood findings between co

Cell Group Baseline Heat
stroke 0

WBC, ×109 C 10.52 ± 3.45 18.04 ± 5

HF 10.47 ± 3.46 19.63 ± 6.

Neutrophil, % C 74.99 ± 6.44 83.08 ± 5.

HF 74.5 ± 8.24 82.49 ± 4.

Leukocyte, % C 11.34 ± 4.42 7.16 ± 2.

HF 11.36 ± 3.6 7.08 ± 1.

RBC, ×1012 C 5.92 ± 0.58 7.03 ± 1.0

HF 5.98 ± 0.61 7.13 ± 1.0

PLT, ×1012 C 223.9 ± 54.5 149.4 ± 35

HF 236 ± 53.8 150.5 ± 37

Data are presented as mean ± standard deviation.
C, control; HF, hemofiltration; PLT, platelet; RBC, red blood cell; WBC, white blood ce
time points.
given time point. An adjusted significance level of P <
0.01 (0.05/5) was used when comparing peripheral blood
findings (Table 1) and solute concentrations (Table 2).
And an adjusted significance level of P < 0.0167 (0.05/3)
was used for comparing the change in concentration of
solutes (Figure 1) and clearance rate for solutes after
ultrafiltration (Figure 2). We could not use Cox regres-
sion model analysis for the data because we only mea-
sured outcomes at three time points after HF began, and
therefore it was too hard to define the event and time-
to-event parameters necessary for multiple outcome
analysis.

Results
Baseline characteristics
Mean body weight was similar in the control and HF
groups (14.03 ± 1.99 kg vs.14.09 ± 1.633 kg, P = 0.935).
And consistent with our previous report [13], there were
no between-group differences in other baseline charac-
teristics, including body weight, temperature of the cli-
mate chamber, time to heat stroke, rectal temperature,
ambient temperature, and ambient humidity (data not
shown).

Peripheral blood counts
Changes in peripheral blood counts for both groups are
summarized in Table 1. The WBC count at 3 h was sig-
nificantly lower in the HF group compared with the con-
trol group (P = 0.018). There were no other significant
within or between-group differences in the peripheral
blood count findings. The % neutrophil count was de-
creased and the % leukocyte and the platelet count in-
creased in the HF group compared to the control group
at all times during the HF, but none of these differences
reached statistical significance.
ntrol and hemofiltration-treated dogs with heat stroke

h
Time after hemofiltration

1 h 2 h 3 h

.6 20.72 ± 5.04 23.7 ± 5.19 23.41 ± 6.43

08 14.61 ± 4.44 13.03 ± 4.38 11.47 ± 3.73*

16 83.29 ± 5.58 84.57 ± 7.8 85.25 ± 5.95

55 75.51 ± 4.96 75.44 ± 5.08 75.67 ± 4.79

5 6.98 ± 2.58 5.87 ± 2.21 6.2 ± 1.65

5 8.13 ± 1.88 10.11 ± 2.66 10.68 ± 2.38

7 7.09 ± 0.64 7.19 ± 1.01 7.2 ± 0.86

2 7.06 ± 0.63 7.08 ± 0.58 6.97 ± 0.7

.6 105.5 ± 18.4 78 ± 20.1 70.3 ± 22.3

.1 117 ± 26.7 137.4 ± 41.4 138.3 ± 40.9

ll. *P < 0.05 significantly different between C and HF groups for given



Table 2 Comparison of serum solute concentrations between control and hemofiltration-treated dogs with heat stroke

Solute Group Baseline Heat
stroke 0 h

Time after hemofiltration

1 h 2 h 3 h

TNF-α, ng/L
C 14.9 ± 2.6 93.6 ± 19.7 150.6 ± 20† 219.2 ± 31.7†‡ 226.1 ± 27†‡

HF 15.2 ± 2.6 94 ± 23.6 99.2 ± 19.6* 102.4 ± 22.7* 96.7 ± 19.9*

IL-6, ng/L
C 56.1 ± 7.4 128.5 ± 20.2 149.9 ± 13.4 167.4 ± 17.1 173 ± 15.5

HF 56 ± 7.7 126.1 ± 15.6 122.6 ± 15.3 119.1 ± 17.3* 118.5 ± 19.2*

IL-10, ng/L
C 20.3 ± 2.8 65.8 ± 10.2 132.9 ± 13.6† 158.2 ± 12.5†‡ 164.7 ± 12†‡

HF 21 ± 3.6 63.2 ± 11.2 69.2 ± 8.4* 70.8 ± 8* 68.8 ± 7.7*

BUN, mmol/L
C 4.29 ± 0.82 10.5 ± 1.6 11.9 ± 1.3 12.6 ± 1.2 14.2 ± 1.3†

HF 4.2 ± 0.9 10.6 ± 2.4 6.3 ± 1.4*† 5.0 ± 1.3*† 4.0 ± 0.9*†

Creatinine, μmol/L
C 59.9 ± 12.7 118.5 ± 21.3 156 ± 26.2 179.3 ± 22.5† 194.3 ± 21†

HF 59.5 ± 12.2 122 ± 23.8 88.9 ± 29.5* 65.6 ± 20.4*† 54.9 ± 16.5*†

Data are presented as mean ± standard deviation. BUN, blood urea nitrogen; C, control; HF, hemofiltration; IL, interleukin; TNF, tumor necrosis factor.
*P < 0.05 significantly different between C and HF groups for given time points.
†P < 0.01 (0.05/5) compared with the 0 h time point in the same group, after Bonferroni correction.
‡P < 0.01 (0.05/5) compared with the 1 h time point in the same group, after Bonferroni correction.
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Serum solute concentrations
Changes in serum solute concentrations for both groups
are summarized in Table 2. Heat stroke itself markedly
increased the concentrations of all solutes. TNF-α, IL-10,
BUN, and creatinine concentrations at 1, 2, and 3 h were
significantly lower in the HF group compared with the con-
trol group. IL-6 concentrations at 2 and 3 h were signifi-
cantly lower in the HF group compared with the control
group, but at 1 h, IL6 concentrations showed only a trend
to be lower in the HF group. When heat stroke was left
Figure 1 Changes in concentrations in ultrafiltrate for (A) TNF-α, (B) IL
heat stroke. Data are presented as mean ± standard deviation and compar
*P < 0.0167 compared with the 1 h time point, after Bonferroni correction. IL-1
urea nitrogen; C, control; HF, hemofiltration; IL, interleukin; TNF, tumor necrosi
untreated (control group), solute concentrations rose with
time, and TNF-α and IL-10 concentrations were signifi-
cantly higher at 1, 2, and 3 h, IL-6 and creatinine concen-
trations were significantly higher at 2 and 3 h, and BUN
concentrations were significantly higher at 3 h compared to
0 h. In the HF group, BUN concentrations were signifi-
cantly lower at 1, 2, and 3 h, and creatinine concentrations
significantly lower at 2 and 3 h compared with at 0 h. And
in the control group, TNF-α and IL-10 concentrations were
significantly higher at 2 and 3 h compared to 1 h.
-6, (C) BUN, and (D) creatinine after hemofiltration in dogs with
ed using ANOVA test with Bonferroni correction for post-hoc comparisons.
0 is not shown because it was not detected. Abbreviations: BUN, blood
s factor.



Figure 2 Clearance rates after hemofiltration in dogs with heat stroke for (A) TNF-α, (B) IL-6, (C) BUN, and (D) creatinine. Data are
presented as mean ± standard deviation and compared using ANOVA test with Bonferroni correction for post-hoc comparisons. *P < 0.0167 (0.05/3)
compared with the 1 h time point, after Bonferroni correction. IL-10 is not shown because it was not detected. Abbreviations: BUN, blood urea
nitrogen; C, control; HF, hemofiltration; IL, interleukin; TNF, tumor necrosis factor.
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Solute ultrafiltrate concentrations
The changes in solute ultrafiltrate concentrations (HF group
only) are summarized in Figure 1. Except for IL-10, which
was not detectable at any time point, concentrations of all
solutes decreased with time after the start of HF. IL-6,
BUN, and creatinine concentrations in ultrafiltrate were
significantly lower at 3 h compared to 1 h (P < 0.001, P =
0.005, P = 0.015, respectively). IL-6 concentrations were
also significantly lower at 2 h compared to 1 h (P = 0.008).
There was no significant difference between any time
points in TNF-α concentrations.

Solute clearance rates
The changes in solute clearance rates (HF group only)
are summarized in Figure 2. Clearance rates for small
molecular weight solutes (BUN, creatinine) were higher
than those for larger molecular weight solutes (TNF-α,
IL-6). Clearance rates for IL-6 and TNF-α were signifi-
cantly lower at 2 and 3 h compared to 1 h (2 h, P =
0.001 and 0.005 respectively; 3 h, both P < 0.001). There
were no significant changes in the clearance rates for
BUN or creatinine.

Discussion
In this study, we examined serum concentrations and
clearance of low and high molecular weight solutes (in-
cluding cytokines) in dogs that received HF after the in-
duction of heat stroke. Of note, during the 1 to 3 hour
post-heat stroke induction period, serum concentrations of
TNF-α, IL-6, IL-10, BUN, and creatinine were significantly
lower in dogs that received HF than in dogs that did
not receive HF. Clearance rates were relatively high
for the low molecular weight solutes BUN and creatin-
ine, but relatively low for the high molecular weight sol-
utes TNF-α and IL-6. These findings suggest that (a) the
previously observed biochemical beneficial effects of HF
[13] may at least in part be due to the prevention of
increases in serum concentrations of TNF-α, IL-6, and
IL-10, and (b) that clearance of solutes by HF after heat
stroke is dependent on molecular weight.
Hemofiltraion significantly decreased WBC compared to

that seen in animals with no hemofiltration. Others have
also reported hemofiltration to reduce WBC [23,24]. It has
been suggested that contact with the hemofilter causes
leucocyte activation, an increase in leucocyte-platelet inter-
action and hemofilter clotting, and consequent decrease
in WBC [25]. However, Skogby et al. [26] comparing fresh,
heparinized blood perfused through an extracorporeal
membrane oxygenation system for 24 h with or without
addition of a hemofilter reported that addition of a hemo-
filter sis not significantly affect WBC or platelet count.
We found that in the 3 hours after the induction of

heat stroke, serum concentrations of TNF-α, IL-6, IL-10,
BUN, and creatinine continued to increase in the control
group of dogs, but not in the group of dogs that subse-
quently received HF. Similarly, WBC counts increased in
the control group after the induction of heat stroke, but
had returned close to baseline after 3 h in the HF group.
The increased cytokine concentrations and WBC counts
observed in the control group are consistent with the
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systemic inflammatory response known to occur in heat
stroke [1]. Because inflammation appears to play a role
in mediating the deleterious effects of heat stroke [1,27],
the observed lack of further increase in cytokine concen-
trations in dogs that received HF is an important find-
ing. This finding is also consistent with our previously
reported finding that HF decreases serum concentrations
of endotoxin, a key inflammatory mediator [1], in dogs
with heat stroke [13]. Taken together, our findings sug-
gest that the HF can ameliorate the systemic inflamma-
tory response associated with heat stroke.
In the HF group, serum concentrations of BUN and

creatinine decreased with time after the start of HF, whereas
concentrations of TNF-α, IL-6, and IL-10 remained rela-
tively steady. Consistent with these findings, the clearance
rates were higher for BUN and creatinine than for TNF-α,
and IL-6 (note: IL-10 was not detectable in ultrafiltrate
samples). These findings suggest that HF is effective for
clearing low molecular weight solutes, such as BUN and
creatinine, but is less effective for clearing higher molecu-
lar weight solutes, such as cytokines. In general, hemofil-
tration has a lower clearance of low molecular weight
molecules than for high molecular weight molecules.
However, increasing the replacement rate in hemofiltra-
tion will increase he clearance of solutes, especially low
molecular weight solutes [28], and the replacement flow
rate used in our study (200 ml/kg.h) is a rate categorized
by others as extremely high volume ultrafilratioon [29]. In
our clinical practice, when extremely high hemofiltration
was performed in patients with acute pancreatitis, similar
findings were observed, that is, the concentration of small
molecules such as urea and creatinine was reduced sig-
nificantly. The low clearance rates for cytokines can be
attributed to the molecular weight filtration capacity of
the filter used (30 kDa). Note: the molecular weights for
TNF-α, IL-6, and IL-10 are 19–28 kDa, 17.5 kDa, and
35–40 kDa, respectively. The lower molecular weights
of TNF-α and IL-6 relative to IL-10 explains why these
cytokines were cleared to some extent, whereas IL-10 was
not cleared at all. A similar study has been reported else-
where [30]. Use of a filter with a larger molecular weight
filtration capacity or HF in combination with plasma re-
placement and hemoperfusion might help increase the
clearance of larger molecular weight solutes [31,32]. Fur-
ther studies are needed to examine this possibility. Expan-
sion of the blood volume had no role in the hemofiltration
results, because the only fluid given in hemofiltration is
fluid to replace the fluid removed in the filtrate.
Although serum cytokine concentrations did not de-

crease with HF, they did not increase after heat stroke as
seen in the control group, and were significantly lower
at these times than corresponding concentrations in
control group dogs. We suggest that the lack of an in-
crease in serum cytokine concentrations in the HF group
may be at least in part due to the previously demon-
strated early and rapid reduction in body temperature,
improved homeostasis, and the lack of an increase in
serum endotoxin concentrations following HF [13]. In-
creased clearance/removal of TNF-α and IL-6 through
HF would also appear to play some role in preventing
further increases in the serum concentrations of these
cytokines. There also may have been some absorption of
cytokines by the filter used for HF. Further studies are
warranted to examine in more detail the relative contri-
butions of filtration and changes in body temperature in
mediating the potential beneficial effects of HF.
This study has a number of limitations. We did not

measure soluble cytokine receptors and so we do not know
how what role they might have played. We did not include
a control group of normal (non-heat shock, non-HF)
dogs, however the baseline blood factor values obtained
from our dogs provided data on normal values for these
factors. We did not include a control group of dogs that
only received heat stroke, because the clearance of factors
in blood by HF alone has previously been investigated by
numerous animal and clinical studies. We did not include
a group with active cooling because of cost concerns. Also,
our objective was limited to determining the effect of HF
after heat shock vs. heat shock alone. We did not include
a group of animals treated with fluid infusion because
none of the animals in our 2 groups received fluid infu-
sion except for replacement of fluid lost during HF,
and so fluid infusion was not involved. The total num-
ber of dogs included in each group (n = 8) was relatively
small; hence, confirmatory studies are needed. We did not
perform any assessments of kidney function (ie, urinary
clearance of solutes). Finally, the duration of follow-up
was relatively limited. Further studies are needed to exam-
ine longer term changes in serum solutes after HF, as
well as short and longer term changes in urine solutes
after HF.

Conclusions
In summary, this study has shown that HF prevents in-
creases in serum cytokine concentrations due to heat
stroke in dogs, and that HF is effective for clearing small
molecular weight serum solutes, but is less effective for
clearing larger molecular weight solutes. Increased clear-
ance of TNF-α and IL-6 by HF may play some role in
preventing the increase in serum concentrations of these
cytokines; however, the magnitude of clearance was not
large relative to that of the smaller weight solutes. Taken
together with our previously reported findings that
HF rapidly reduces core body temperature, stabilizes
hemodynamics, improves homeostasis, and increases sur-
vival compared to no treatment in dogs with severe heat
stroke [13], these findings further emphasize the beneficial
biochemical effects of HF in the treatment of heat stroke.
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Further studies are needed to elucidate the changes under-
lying these beneficial biochemical effects more fully and to
optimize the use of HF as a potential treatment for heat
stroke.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
GMC: guarantor of integrity of the entire study; study design; definition of
intellectual content; literature research; data analysis. YYL: study concepts;
literature research; experimental studies; data acquisition. CFW: study
concepts; clinical studies. HXZ and WRW: experimental studies. JHC: data
acquisition; data analysis; statistical analysis. JC: guarantor of integrity of the
entire study; study design; definition of intellectual content; manuscript
review. All authors read and approved the final manuscript.

Acknowledgments
This study was supported by the Medical Science and Technology
Foundation of Nanjing Military Region during the 11th Five-Year Plan
Program (No. 06MA141).

Author details
1Department of Pediatrics, Fuzhou General Hospital of Nanjing Military
Command, PLA, Clinical Medical College of Fujian Medical University in
Fuzhou General Hospital of Nanjing Military Command, PLA, Dongfang
Hospital Affiliated to Xiamen University, NO. 156, Xi Er-Huan North Road,
Fuzhou 350025, Fujian Province, China. 2Fujian University of Traditional
Chinese Medicine, Fuzhou 350108, China. 3Department of Thoracic Surgery,
Fuzhou General Hospital of Nanjing Military Command, PLA, Clinical Medical
College of Fujian Medical University in Fuzhou General Hospital of Nanjing
Military Command, PLA, Dongfang Hospital Affiliated to Xiamen University,
Fuzhou 350025, China. 4Statistics Room, Fuzhou General Hospital of Nanjing
Military Command, PLA, Clinical Medical College of Fujian Medical University
in Fuzhou General Hospital of Nanjing Military Command, PLA, Dongfang
Hospital Affiliated to Xiamen University, Fuzhou 350025, China. 5Department
of Nephrology, Fuzhou General Hospital of Nanjing Military Command, PLA,
Clinical Medical College of Fujian Medical University in Fuzhou General
Hospital of Nanjing Military Command, PLA, Dongfang Hospital Affiliated to
Xiamen University, NO. 156, Xi Er-Huan North Road, Fuzhou 350025, Fujian
Province, China.

Received: 27 November 2013 Accepted: 11 August 2014
Published: 22 August 2014

References
1. Leon LR, Helwig BG: Heat stroke: Role of the systemic inflammatory

response. J Appl Physiol 2010, 109:1980–1988.
2. Bouchama A, Knochel P: Heat stroke. N Eng J Med 2002, 346:1978–1988.
3. Lu KC, Wang JY, Lin SH, Chu P, Lin YF: Role of circulating cytokines and

chemokines in exertional heatstroke. Crit Care Med 2004, 32:399–403.
4. Sucholeiki R: Heatstroke. Semin Neurol 2005, 25:307–314.
5. QuickStats: Number of heat-related deaths,by sex - National Vital Statistics

System, United States, 1999–2010. Morb Mortal Wkly Rep 2012, 61:729.
6. Heat illness among high school athletes - United States, 2005–2009.

Morb Mortal Wkly Rep 2010, 59:1009–1013.
7. Wallace RF, Kriebel D, Punnett L, Wegman DH, Amoroso PJ: Prior heat illness

hospitalization and risk of early death. Environ Res 2007, 104:290–295.
8. Lipman GS, Eifling KP, Ellis MA, Gaudio FG, Otten EM, Grissom CK,

Wilderness Medical Society: Wilderness medical society practice
guidelines for the prevention and treatment of heat-related illness.
Wilderness Environ Med 2013, 24:351–361.

9. Argaud L, Ferry T, Le QH, Marfisi A, Ciorba D, Achache P, Ducluzeau R,
Robert D: Short- and long-term outcomes of heatstroke following the
2003 heat wave in Lyon, France. Arch Intern Med 2007, 167:2177–2183.

10. Dematte JE, O'Mara K, Buescher J, Whitney CG, Forsythe S, McNamee T,
Adiga RB, Ndukwu IM: Near-fatal heat stroke during the 1995 heat wave
in Chicago. Ann Intern Med 1998, 129:173–181.

11. Abdo AA, Castellanos R, Rocha M, Hernandez E, Leal G, Suarez J, Gutierrez
JA, Gomez F, Cueto A: Continuous venovenous hemodiafiltration in
patients with multiple organ dysfunction syndrome in an intensive care
unit. MEDICC Rev 2012, 14:26–30.

12. Rimmele T, Kellum JA: High-volume hemofiltration in the intensive care
unit: a blood purification therapy. Anesthesiology 2012, 116:1377–1387.

13. Chen GM, Xu HN, Gao LF, Lu JF, Wang WR, Chen J: Effects of continuous
haemofiltration on serum enzyme concentrations, endotoxemia,
homeostasis and survival in dogs with severe heat stroke.
Resuscitation 2012, 83:657–662.

14. Zhou F, Song Q, Peng Z, Pan L, Kang H, Tang S, Yue H, Liu H, Xie F: Effects
of continuous venous-venous hemofiltration on heat stroke patients:
a retrospective study. J Trauma 2011, 71:1562–1568.

15. Zou G, Qian KJ, Zeng ZG: Effect of high volume hemofiltration on
inflammation media in lung tissue of acute lung injury dogs induced by
endotoxin. Acta Acad Med Jiangxi 2009, 49:35–37.

16. Zeng H, Xia L, Lv NH: Effect of early short-term high-volume hemofiltration
on serum cytokines of dogs with severe acute pancreatitis. Acta Acad Med
Jiangxi 2007, 47:40–44.

17. Herrera-Gutierrez ME, Seller-Perez G, Arias-Verdu D, Granados MM, Dominguez JM,
Navarrete R, Morgaz J, Gomez-Villamandos R: A comparison of the effect of
convection against diffusion in hemodynamics and cytokines clearance in an
experimental model of septic shock. J Trauma Acute Care Surg 2012, 73:855–860.

18. Hongliang T, Rong Z, Xiaojing W, Rao S, Lun L, Jinhui T, Nong C, Kehu Y:
The effects of continuous blood purification for SIRS/MODS patients:
A systematic review and meta-analysis of randomized controlled trials.
ISRN Hematol 2012, 2012:986795.

19. Chen JH, Yu C, Liu J: Effect of continuous venovenous haemodiafiltration
on the clearances of various solutes in multiple organ dysfunction
syndrome dogs. Chin J Nephrol 2011, 27:124–127.

20. Zhang ZY, Aibaier YLK, Chen JH, Yang XP: Effect of high volume
hemofiltration on plasma endotoxin and CD14 in dogs with multiple
organ dysfunction. Chin J Emer Med 2011, 20:930–934.

21. Xia L, Zeng H, Lv NH, Liu P, Qian KJ, Zeng ZG, Liu F, Jiang R: Effect of early
short-term hemofiltration in severe acute pancreatitis dogs with cardiac
injury. Chin J Digestion 2007, 27:483–484.

22. Amsterdam JT, Syverud SA, Barker WJ, Bills GR, Goltra DD, Armao JC,
Hedges JR: Dantrolene sodium for treatment of heatstroke victims: Lack
of efficacy in a canine model. Am J Emerg Med 1986, 4:399–405.

23. Karger R, Schmidt J, Weber C, Weiler-Lorentz A, Freitsch T, Kretschmer V:
In-line filtration of autologous whole blood. Transfusion 2006, 46:811–817.

24. Riggert J, Humpe A, Legler TJ, Wolf C, Simson G, Kohler M: Filtration of
methylene blue-photooxidized plasma: influence on coagulation and
cellular contaminatnio. Transfusion 2001, 41:82–86.

25. Kozek-Langenecker SA, Spiss CK, Michalek-Sauberer A, Fetternig M, Zimpfer M:
Effect of prostacyclin on platelets, polymorphonuclear cells, and heterotypis
cell aggregation during hemofiltration. Crit Care Med 2003, 31:864–868.

26. Skogby M, Adrian K, Friberg L-G, Mellgren G, Mellgran K: Influence of hemofiltration
on plasma cytokine levels and platelet activation during extracorporeal
membrane oxygenation. Scand Cardiovasc J 1999, 34:315–320.

27. Leon LR, Helwig BG: Role of endotoxin and cytokines in the systemic
inflammatory response to heat injury. Front Biosci (Schol Ed) 2010, 2:916–938.

28. Yao HB, Wen MB, Huang G, Wu DG, Yang ZJ, Lian YS, Li GH, Zou GM:
Applicatioon of early high flow continuous blood purificaion in patients
with severe acute pancreatitis. Mil Med Jj S China 2011, 25(3):224–227.

29. Chen Y, Wang HT, Zhang H, Tong JR, Zhang JL: Effect of different volumes
of continuous blood purification on severe acute pancreatitis. Mod
Prevent Med 2011, 38(18):3830–3833.

30. Qian KJ, Zhu F, Jiang R, Zeng ZG, Lv NH: Influence of high volume
hemofiltration on the inflammatory mediators in dogs with endotoxin
shock. Acta Acad Med Jiangxi 2006, 46:41–51.

31. Naka T, Haase M, Bellomo R: 'Super high-flux' or 'high cut-off' hemofiltration
and hemodialysis. Contrib Nephrol 2010, 166:181–189.

32. Kimmel JD, Harbert EM, Parker RS, Federspiel WJ: Modeling competitive
cytokine adsorption dynamics within hemoadsorption beads used to
treat sepsis. J Chromatogr A 2011, 1218:8013–8020.

doi:10.1186/s13049-014-0049-z
Cite this article as: Chen et al.: Clearance of serum solutes by
hemofiltration in dogs with severe heat stroke. Scandinavian Journal of
Trauma, Resuscitation and Emergency Medicine 2014 22:49.


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Animals
	Anaesthesia
	Catheterization
	Induction of heat stroke
	Hemofiltration
	Outcome measurements
	Statistical analysis

	Results
	Baseline characteristics
	Peripheral blood counts
	Serum solute concentrations
	Solute ultrafiltrate concentrations
	Solute clearance rates

	Discussion
	Conclusions
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


