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Abstract. - OBJECTIVE: This study is to
evaluate the effect of high-volume hemofiltra-
tion (HVHF) and early goal-directed therapy
(EGDT) on alveolar-arterial oxygen exchange in
patients with refractory septic shock.

PATIENTS AND METHODS: Patients were
classified into two groups by a prospective co-
hort study: 86 received both HVHF and EGDT
(the HVHF group), and 81 treated with EGDT
only (the control group). Alveolar-arterial oxy-
gen pressure was taken at baseline and at days
1, 3, and 7, and respiratory index (R, ratio of
P,O, alveolar-arterial oxygen pressure differ-
ence (P,,DO,) to arterial oxygen pressure
(P,0,) was calculated.

RESULTS: At day 7, the levels of central ve-
nous and arterial blood oxygen content were
significantly higher in the HVHF vs. the control
group (both with p < 0.05). The level of oxygen
extraction ratio (O2ER) was significantly higher
in the HVHF than the control group (p < 0.01).
The levels of P,,DO, and Rl were significantly
lower in the HVHF than the control group (p <
0.05 and p < 0.01, respectively). Rl and the ratio
of P,0, to the fraction of inspired oxygen were
significantly higher in the HVHF than the con-
trol group (p < 0.05 and p < 0.01, respectively).
The acute physiology and chronic health evalu-
ation score and the sequential organ failure as-
sessment score in the HVHF group were signif-
icantly lower compared to the control group (p
< 0.01 and p < 0.05, respectively). At day 28, the
mortality rate was lower in the HVHF vs. the
control group (p < 0.01).

CONCLUSIONS: These findings demonstrat-
ed that HVHF, when used as an adjunctive ther-
apy to the EGDP protocol, could improve alveo-

lar-arterial oxygen exchange, clinical outcome
and survival in patients with refractory septic
shock.
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Introduction

Sepsis can be defined as a systemic inflamma-
tory response syndrome, which is secondary to
an infection, either documented by microbiology
cultures or other clinical evidence of infection.
Septic shock, as defined by Bone!' in earlier liter-
ature, is sepsis syndrome with hypotension that is
responsive to fluid loading or pharmacotherapy.
Bone! and Bone et al® also defined refractory
septic shock as sepsis syndrome with hypoten-
sion that is not responsive to fluid loading or
pharmacotherapy for a period longer than 1 h.
Refractory septic shock patients are seriously ill
and need rapid emergency admission to the hos-
pital intensive care unit (ICU). Despite active
treatment in the ICU, the reported death rate is
over 50%>°. Thus, there is an urgent need to ex-
amine its pathogenesis and explore effective
therapies of refractory septic shock so as to re-
duce the mortality rate.

Refractory septic shock is characterized by in-
adequate tissue perfusion with an imbalance be-
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tween tissue oxygen delivery (DO,) and oxygen
consumption (VO,), and cumulative build-up of
tissue hypoxia or oxygen debt. Sepsis causes se-
vere plasma volume depletion, which acutely re-
quires compensation by fluid resuscitation*. A
hyperdynamic state is generally seen in septic
shock patients and animal models with fluid re-
suscitation®’. This state is characterized by ele-
vated cardiac output, increased DO,, decreased
systemic vascular resistance with or without de-
creases in mean arterial blood pressure (MAP),
and increased tissue VO,. Impaired oxygen ex-
traction capacity and lactic acidosis are also as-
sociated syndromes indicating microvascular in-
jury and impaired microvascular control. Maldis-
tribution of microvascular blood flow induces a
tissue oxygen debt, and inefficient matching of
microvascular oxygen supply to oxygen demand
may in turn impair oxygen extraction. This is
manifested by a pathologic oxygen supply de-
pendency, whereby VO, is dependent on DO,,
and a defected critical oxygen extraction ratio
(O,ER)* !,

Hence, one of the primary goals in refractory
septic shock management is to ensure adequate
oxygenation and oxygen delivery'?, which was
firstly recommended by the jury of the 3™ Euro-
pean Consensus Conference in Intensive Care
Medicine in 1995. It is now commonly accepted
that a higher DO, is associated with increased
survival and a lower occurrence of organ dys-
function'®. DO, can be raised by adjusting the
factors which usually involve increasing arterial
blood oxygen content (C,0,) and/or cardiac out-
put. Refractory septic shock patients who mostly
have severe cardiorespiratory compromise may
not be able to generate a high cardiac output and
innately have a higher risk of death. In this case,
C,O, can be markedly affected by small increas-
es or decreases in arterial oxygen pressure
(P,0,). Therefore, maintaining P,0, by improv-
ing gas exchange of lung is important in refracto-
ry septic shock'*.

Some novel therapies have demonstrated a
beneficial effect in improving the pulmonary
function of experimental sepsis'®, such as he-
mofiltration's. However, in hyperdynamic septic
shock, there has been no clinical study on the ef-
fect of hemofiltration on pulmonary function. In
this study, we applied high-volume hemofiltra-
tion (HVHF) as an adjunctive therapy linking to
the early goal-directed therapy (EGDT) protocol
that follows Surviving Sepsis Campaign bun-
dle'. We hypothesized that HVHF improves he-
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modynamics and oxygenation in patients with
progressive refractory hypotension. The effects
of HVHF on alveolar-arterial oxygen exchange
were assessed. The Acute Physiology and Chron-
ic Health Evaluation II (APACHE II) and the Se-
quential Organ Failure Assessment (SOFA) scor-
ing were performed to compare the outcome of
EGDT-HVHF treatment to that of the EGDT
treatment only. Sequential organ failure assess-
ment (SOFA) includes respiratory, circulation,
liver, kidney, blood and nerve organ. The main
failure organ in our research is respiratory, circu-
lation and kidney.

Patients and Methods

This study was approved by the hospital Ethi-
cal Committee (clinical trial registry number:
Chinese Clinical Trial Registry (ChiCTR)-IPC-
14005596). All patients or their relatives signed
the informed consent for participating in the
study.

Patients

This prospective cohort study was conducted
in our ICU of Shandong Provincial Hospital Af-
filiated to Shandong University. 167 patients
with refractory septic shock were enrolled be-
tween August 2009 and December 2012. Refrac-
tory septic shock was defined according to the
standard criteria published by Bone et al>. Exclu-
sion criteria were less than 18 years or more than
75 years of age, death imminent within 6 h, and
low APACHE II score (<15). Enrolled patients
were divided into two groups according to being
receipted successfully high volume hemofiltra-
tion (HVHF) within 24 hours when they entered
ICU. The allocation criteria of the patients was
that patients received HVHF in less that 24 hours
will be divided into HVHF group, while patients
who do not or were received HVFH in more that
24 hours will be allocated into control group.86
patients in the hemofiltration group (47 males
and 39 females with a mean age of 57.2 + 164
years old) were treated with EGDT and HVHF.
The control group consisted of 81 patients (45
males and 36 females, 55.7 + 18.5 years old) re-
ceived EGDT only. The baseline APACHE II
scores in the control and the HVHF groups were
similar (28.3 £ 9.3 and 27.5 + 8.9, respectively),
so as the baseline SOFA scores in both groups
(18.8 £ 6.3 and 17.6 + 5.6, respectively. p >
0.05). 6 patients in control group and 4 patients
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Table I. Hemodynamic data in patients.

O,ER (%)

C,0, (mi/L)

C.,0, (mi/L)

1d 3d 7d od 1d 3d 7d od 1d 3d 7d

0d

Group

047+0.16 055+024 0.59+0.35 0.60+0.24 0.72+024 0.78+0.28 0.82+0.27 0.84+043 325+58 27.6+3.7 28.6+22 28.7+24

81

Control

345+6.0 26.6+£3.7 25.6+2.7 21.7+34"

077029 0.82+0.27 0.92+0.33 0.94+0.46

0.66 +0.37 0.72+0.28"

046+0.18 0.61+0.28

86

Hemofiltration

0.01.

0.05, p

C.,0,:0, content of central venous blood, C,0,: arterial oxygen content, O,ER: oxygen extraction ratio. Vs. control group, “p

Table Il. Gas exchange data in patients.

Pa0,/FiO, (mmHg|

Pa0,/PAO, RI

P 2P0, (mmHg)

1d 3d 7d

od 1d 3d 7d 0od 1d 3d 7d od

1d 3d 7d

0od

Group

128+16  154+21 17932 208436

0.62+0.28 0.68+0.25 0.69+0.32 0.71£0.37 6.37+£2.41 5.95£2.10 5.87+2.43 5.72+1.95

256.72+25.73

285.63+48.32  280.83+38.45

311.8150.73
305.55¢51.32

81

Hemofiltration 86

Control

164428 195£38" 26842”

11815

0.63£0.21 0.79£0.27 0.82+£0.36 0.91+0.47" 6.87+2.11 5.65+2.17 5.17£2.03 4.52£1.55

156.77+22.73"

278.6£50.37  265.82+30.41°

P ,DO,: alveolar-arterial oxygen pressure difference, P,O,: arterial oxygen pressure, P,O,: alveolar oxygen pressure, RI: Respiratory index, F,O,: fraction of inspired oxygen.

0.01.

0.05,"p

Vs. control group, “p

in HVHF groups died within 6 h, mainly after
hemodynamic disturbances, but the difference
was non-significant (p > 0.05).

In our study, the causes of refractory septic
shock for the patients included the abdominal in-
fection (58 cases, accounts for 35%), pulmonary
infection (50 cases, 30%), urinary tract infection
(25 cases, 15%), and the thoracic cavity infection
(14 cases, 8%), the pelvic cavity infection (12
cases, 7%), and the blood stream infection (8
cases, 5%) (Figure 1).

Management Algorithm

To manage our patients more efficiently, we
employed a multi-interventional approach,
which incorporates fluid resuscitation, vaso-
pressor agents, antibiotic, steroids and mechan-
ical ventilation, and various interventions ac-
cording to EGDT. It aims at maintaining the
central venous pressure (CVP) higher than 8-12
mmHg, MAP higher than 65-90 mmHg, central
venous oxygen saturation (ScvO,) greater than
70% and urine volume greater than 0.5
ml-kg~-h~! within 6 h'S. Patients in the HVHF
group received HVHF treatment at the same
time. All patients were assessed by the
APACHE II and SOFA scoring during the pro-
cedure as previously described!'®.

The HVHF Technique

A double-lumen 12F catheter (Vas-cath, Bard,
Inc., Salt Lake City, UT, USA) was inserted per-
cutaneously in the femoral or internal jugular
vein. High-volume continuous venovenous he-
mofiltration (HV-CVVH) was performed with a
polysulfone hemofilter, 1.4 m? surface area, 220
um pore size, and priming volume of 90 ml
(Aquaplus, Minntech, San Clemente, CA, USA)
for 72 h. The hemofiltration monitor was set to
deliver 200 ml min™" blood flow and an ultrafil-
tration rate of 50-70 ml-kg™'-h~! (Diapact System,
B. Braun, Melsungen, Germany). Ultrafiltration
rate was increased gradually over 60-120 min ac-
cording to hemodynamic tolerance to reach the
target rate. A neutral fluid balance was pro-
grammed. Blood ultra filtrate was replaced using
a bicarbonate-based solution with the following
composition: sodium 140 mEq 1!, potassium 2.0
mEq 17, calcium 1.5 mEq I"!, magnesium 0.5
mEq 17!, chloride 111 mEq 17!, bicarbonate 35
mEq 1!, glucose 1 g 17!, and osmolality 296
mOsm kg™' (B. Braun). Body temperature was
kept over 35°C using a heating device supplied
with the monitor. Heparin was used for anticoag-
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ulation. Bloodlines were flushed every 30 min
with 150 ml of a 0.9% NaCl solution to check for
permeability.

Measurements

All patients were mechanically ventilated and
their fraction of inspired oxygen (F,O,) was kept
constant throughout the procedure. Patients were
continuously monitored with a thermodilution
subclavian vein catheter and a radial-artery
catheter. The arterial and central venous blood
gases were measured with blood gas electrodes
(GEM Premier 3000, GEM Premier Company,
Munich, Germany). Central venous blood oxygen
content (C_,0,), C,0,, O,ER, and P, DO, were
calculated according to the standard formulae. Ra-
tio of P,0, to alveolar oxygen pressure (P,O,) and
ratio of P,0, to F,O, were also calculated. The ra-
tio of P, DO, to P,0O, was used as respiratory in-
dex (RI). Measurements were taken at baseline
and at days 1, 3, and 7 during the procedure.

Statistical Analysis

Statistical analysis was performed using the
SPSS software application (version 18.0 for Mi-
crosoft Windows: SPSS Inc., Chicago, IL, USA).
Variables having a Gaussian distribution were
shown as means + standard deviation. Compari-
son between groups was assessed using the Stu-
dent ¢-test. Data with a Skewed distribution were
presented as medians and interquartile ranges,
and the Mann-Whitney U-test was used to detect

the difference between groups. For qualitative
variables, the chi-square or Fisher exact test was
used. Significance was set at p < 0.05.

Results

Hemodynamic Changes in Patients

Our results showed that C_,,0, and C,0O, in-
creased over time during the entire observational
period in both the HVHF and the control groups.
At day 7, patients from the HVHF group had a
significant decrease in O,ER (21.7+3.4 vs.
34.5+6.0, p < 0.05), while this change was not
found in the control group (28.7+2.4 vs. 32.5+5.8,
p > 0.05) (Table I). At day 7, C.,0O, and C,0O,
were significantly higher in the HVHF group as
compared to the control group (C.O,: 0.72+0.28
vs. 0.60£0.24; C,0,. 0.94+0.46 vs. 0.84+0.43, p <
0.05); consequently, a significantly lower O,ER
was found in the HVHF versus the control groups
(21.7£3.4 vs. 28.7+2.4, p < 0.01) (Table I).

Gas Exchange Changes in Patients

Both groups showed an increase in the ratio of
P,O, to P,O, and the ratio of P,0, to FO, and a
decrease in P, , DO, and RI during the therapy
(Table II). At day 3, P, ,DO, was significantly
lower in the HVHF group as compared to the con-
trol group (p < 0.05), while the ratio of P,O, to
F,0, was significantly higher in the HVHF vs. the
control groups (p < 0.05). At day 7, statistically

Asse ssed for eligpbuity (n=212)

Bxcluded (n=35)
+ age <18or >75(n=21)

o« APACHE Il scores <15 (n=11)
+ Consent notoltaned (n=3)

I Randomzed in=1TT I

h

Alocated to hemofitraton group (n=%0)
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Figure 1.
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Table Ill. APACHE II and SOFA changes in patients.

APACHE Il score SOFA score
Group n od 7d od 7d
Control 81 28.3+9.3 17.2+£6.8 18.8 £6.3 12.8 +3.9
Hemofiltration 86 27.5+89 82+3.8" 17.6 £5.8 7.6 +3.3"

APACHE II: Acute Physiology and Chronic Health Evaluation II; SOFA: Sequential Organ Failure Assessment; Vs. control

group, ‘p<0.05, “p<0.01.
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Figure 2.

significant changes were found in P, ,DO,, RI,
the ratio of P,0O, to P,O,, and the ratio of P,0O, to
F,0, between two groups (256.72+25.73 vs.
156.77+£22.73, 5.72+1.95 vs. 4.52+1.55, 0.71+0.37
vs. 0.91+0.47, 208+36 vs. 268142, p < 0.05). De-
tailed allocation for the two groups is listed in
Table II.

APACHE Il and SOFA Changes
in Patients

Comparison of the APACHE II (Acute Physi-
ology And Chronic Health Evaluation II) and the
SOFA (Sequential Organ Failure Assessment)
scores between two groups were showed in
Table III. At day 7, the APACHE II score and
the SOFA score were lower in the HVHF group
than that in the control group (APACHE II score:
17.2+6.8 vs. 8.2+3.8, SOFA score: 12.8+3.9 vs.

7.6£3.3 (p < 0.01, p < 0.05). By day 28, 15 pa-
tients in the HVHF group died whereas the num-
ber of death doubled in the control group. The
difference in the mortality rate between two
groups was statistically significant (37.04% vs.
17.44%, x*=8.1363, p < 0.01).

Survival of the Patients with Kaplan
Meier Survival Plot

As shown in Figure 2 and Table IV, after Log
Rank test, X?=6.245, p = 0.012. According to the
standard of a=0.05, the difference between the
two groups was statistically significant.

Discussion

To the best of our knowledge, this is the first
clinical study assessing the effect of HVHF as an
adjunctive therapy on gas exchange of refractory
septic shock patients. Our findings confirmed that
HVHF not only improved gas exchange in refrac-
tory septic shock patients, but also significantly
stabilized hemodynamics and decreased mortality
rate in this setting as previously reported!’.

In the medical literature, the protocol for
HVHEF is not well defined for now. Honore et
al'® hold the idea hat HVHF includes continu-
ous high-volume hemifiltration (CHVH) of 50-
70 ml-kg™"*h™! 24 h a day and intermittent IHVH
with brief, very high-volume treatment at 100-
120 ml-kg™"-h™" for a short period of 4-8 h, fol-
lowed by conventional CVVH. This latter strat-

Table IV. Comparison of survival time distribution in the
two groups.

Chi-Square df Sig

Log Rank 6.245 1 0.012
(Mantel-Cox)

Test of equality of survival distribution for the different lev-
els of group.
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egy initially developed by Ronco et al® is also
called “pulse HVHF”. This definition is consis-
tent with what was defined at the 2001 Critical
Care Nephrology Conference?!, where HVHF
was defined as ultrafiltration flow rates greater
than 50 ml-kg™"-h~! and very HVHF for ultrafil-
tration flow rates greater than 100 ml-kg™'-h~".
In clinical practice, no superior renal replace-
ment therapy has been identified. A recent
guideline?? recommended that elevates that
equivalency of CVVH or intermittent hemodial-
ysis should be elevated to a Grade 2B recom-
mendation. However, CVVH technique pro-
vides a smooth and continuous control of the
volume status while avoiding the cardiovascular
instability associated with intermittent he-
modialysis®. Taken all these into consideration,
we opted to use CHVH in our study.

The ratio of P,0O, to F,O, is a widely used in-
dex for evaluating oxygen exchange. It’s getting
more and more important because it forms part
of the definitions of ARDS and acute lung in-
jury (ALI) established by the American-Euro-
pean Consensus Conference®, and of the Lung
Injury Score?. P, ,DO, is another index for
evaluating gas exchange function of the lungs®.
A lower P,0,/F,O, and a higher P, ,DO, are es-
sential characteristics of the septic patients?’. In
our study, the calculated P,0,/P,O, and RI were
used to assess shunt and ventilation-perfusion
imbalance. In sepsis, P,O, was significantly
lower. However, after ventilatory and ultrafil-
tration, F,0,, P,CO,, and P,O, remained un-
changed but P,O, increased significantly. Thus,
an increase in P,0,/P,O, and P,0,/FiO, was ob-
served. In contrast, reduction in P,_,DO, result-
ed in a decrease in RI in the HVHF group. At
day 7, patients’ P, ,DO, and RI of the HVHF
Group were lower than those of the control
group (p < 0.05). PaO,/P,O, and P,0,/F,0, of
HVHF Group were higher than those of the
control group. This demonstrated that HVHF
can improve pulmonary function in patients
with refractory septic shock. With the increase
in Ca0O,, DO, increased in refractory septic
shock patients receiving both the HVHF and
early goal-directed therapy (EGDT) therapies.
We also found a more rapid increase in CcvO,.
This may lead to a reduction in O,ER and VO,
after treatment, say, at day 7. It was believed
that raising DO, to higher than 600
ml'min~!*m~2 and keeping ScvO, higher than
70% in critically ill patients may correct oxygen
debt and improve outcome?.
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Our research showed that the APACHE II
and SOFA scores in the HVHF group were low-
er than those in the control group at day 7, and
the mortality rate was significant different be-
tween two groups at day 28. The organ function
of respiratory, circulation, kidney is improved
by high volume hemofiltration (HVHF) and
general therapy. These results disagree with
some previous reports*-¥. In fact, there have
been insufficient clinical data to support the use
of HVHF in critically patients with severe sep-
sis and/or septic shock. Evaluation of the effica-
cy of hemofiltration in sepsis remains compli-
cated because of the heterogeneity of the study
populations and the hemofiltration strategies.
Ultrafiltration dose appears to be an important
factor. “Renal dose” is insufficient for the re-
moval of inflammatory mediators (medium
molecules) and, therefore, contributes little to
the cardiovascular stabilization in patients with
septic shock. In this setting, a higher dose of ul-
trafiltration (>50 ml-kg™"-h™") or “septic dose”
may be needed®'. Timing is probably another
important issue. In most experimental studies,
hemofiltration started before or shortly after the
microbial challenge. In clinical practice, howev-
er, hemofiltration is not initiated until shock and
organ failure are already established. Honore
and Matson* reported an association between a
better survival and an earlier start of hemofiltra-
tion in patients with severe septic shock. Our
study suggested that patients with refractory
septic shock may benefit from HVHEF if a high-
er dose of ultrafiltration (50 or 70 ml-kg='-h!)
was administered at an early stage.

Our study contributes significantly to the
knowledge of hemofiltration support in refractory
septic shock. Firstly, it introduced HVHF as an
adjunctive therapy into a hemodynamic manage-
ment algorithm according to the “bundle” theo-
ry*. Secondly, it demonstrated a positive effect in
a not well-studied setting of refractory septic
shock. Thirdly, precise hemodynamic and oxygen
metabolic goals were set for the effects of HVHF
therapy. If these goals are achieved at the end of
the HVHF procedure, the probability of survival
might be improved. The effect is possibly due to
remove pro- and anti-inflammatory mediators®*3>.

Our results suggested that refractory septic
shock patients may benefit from HVHF if a high-
er dose of ultrafiltration (50 or 70 ml-kg='-h)
was early used in Chinese people. However, data
did not justify the use of HVHF in patients with
severe sepsis or septic shock. Moreover, HVHF
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may correct oxygen debt and improve pulmonary
function by removing pro- and anti-inflammatory
mediators of lung, but the mechanism remains
speculative and further research is needed.

Conclusions

Our results demonstrated that of hemodynamic
treatment incorporating HVHF as an adjunctive
therapy for patients with refractory septic shock
improved hemodynamic and oxygenation
changes, as well as patient survival.
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