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Generation of plasma-free hemoglobin (pfHb) and activated complement
during complex cardiac surgery contributes to end-organ dysfunction. This
prospective, multicenter REFRESH I (REduction in FREe Hemoglobin) ran-
domized controlled trial evaluated the safety and feasibility of CytoSorb
hemoadsorption therapy to reduce these factors during prolonged cardio-
pulmonary bypass (CPB). Eligible patients underwent elective, nonemergent
complex cardiac surgery with expected CPB duration ≥3 hours. Exclusions
included single procedures including primary coronary artery bypass graft,
single valves, transplant, and left ventricular assist device extraction.
TREATMENT used 2 parallel 300 mL CytoSorb hemoadsorption cartridges
in a side circuit during CPB. CONTROL was standard of care. Of 52 enrolled
patients, 46 underwent surgery (Safety group, n = 23 vs Control, n = 23), and
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Central Message

REFRESH (REduction in FREe Hemoglobin)

Pilot Study was the first FDA clinical trial

assessing safety and feasibility of intraoperative

CytoSorb hemoadsorption in a complex cardiac

surgery population.

Perspective Statement

The REFRESH Pilot Study evaluated the safety

and feasibility of blood hemoadsorption tech-

nology based on biocompatible, highly porous

polymer beads and showed reductions in major

inflammatory mediators including plasma-free

hemoglobin and activated complement C3a and

C5a during cardiopulmonary bypass in elective,

nonemergent, complex cardiac surgery in a

multicenter randomized controlled trial.

ADULT � RESULTS OF REFRESH I PILOT STUDY
38 were evaluated for pfHb reduction (EFFICACY group, n = 18 vs CON-
TROL, n = 20). Type and number of serious adverse events (44 vs 43 CON-
TROL) were similar, as was 30-day mortality. Transient reduction in platelets
during CPB was observed in both groups, especially TREATMENT, but
returned to pretreatment levels after CPB without bleeding. Peak pfHb was
positively correlated with CPB length (P = 0.01) but the high variability of
pfHb, due to the broad surgical procedure mix, prevented detection of
changes in pfHb in the overall EFFICACY population. However, the valve
replacement surgery subgroup (8 vs 10 CONTROL) had the highest peak
pfHb levels, and TREATMENT demonstrated significant pfHb reductions vs
CONTROL (P ≤ 0.05) in CPB ≥3 hours. In the EFFICACY group, C3a and
C5a were significantly reduced by treatment throughout surgery. Intraopera-
tive hemoadsorption with CytoSorb was safe and feasible in this random-
ized, controlled pilot study during complex cardiac surgery. Treatment with
CytoSorb resulted in significant reductions in pfHb during valve replacement
surgery and reductions in C3a and C5a in the overall EFFICACY group.
Future studies will target complex cardiac surgery patients with prolonged
CPB to assess hemoadsorption effect on end-organ dysfunction and
outcomes.

Semin Thoracic Surg 31:783–793 © 2019 Published by Elsevier Inc.
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INTRODUCTION
Cardiac surgery requiring cardiopulmonary bypass (CPB)

has been routine in clinical practice for over 50 years. How-
ever, there is still the risk of postoperative morbidity and mor-
tality, particularly in complex cardiac surgery patients. During
CPB, hemolysis, release of plasma-free hemoglobin (pfHb),
activation of complement, and the generation of inflammatory
mediators are directly correlated with acute kidney injury
(AKI),1�3 pulmonary and systemic hypertension,4 and intesti-
nal mucosal injury.5 Specific mechanisms of pfHb-induced
injury include oxygen radical formation, direct toxicity to renal
tubules,6 scavenging of nitric oxide,7 and myocardial ischemia/
reperfusion injury.8,9

Normally during CPB, pfHb concentrations are nominal.
Red blood cells (RBCs) can hemolyze due to many factors
including negative pressure cardiotomy suction, blood material
interactions, increases in the ratio of foreign surfaces to blood
volume, and shear stress due to high flow rates through artifi-
cial blood circuits.10 Mechanical forces associated with blood
pumps generate shear forces, further contributing to RBC
injury and hemolysis.11 The degree of hemolysis during car-
diac surgery, therefore, is directly correlated with length and
complexity of the cardiac surgery.12 The resulting hemolysis
and release of cell-free hemoglobin can overwhelm the body’s
natural hemoglobin scavenging system, resulting in increased
circulating levels of pfHb.

In order to reduce pfHb and other inflammatory mediators
during complex cardiac surgery, we evaluated a blood hemoad-
sorption technology based on biocompatible, highly porous
polymer beads, CytoSorb (CytoSorbents Corporation, New
784 Seminars in T
Jersey, USA), a 300 mL extracorporeal blood purification car-
tridge that is approved as a cytokine adsorber (European Union)
(Video 1). For cardiac surgery, CytoSorb connects to a parallel
side circuit (postoxygenator to venous reservoir) during CPB
without the need for an additional external pump. Each car-
tridge is validated for use up to 24 hours. This closed system
does not result in plasma loss or hemolysis. CytoSorb is filled
with biocompatible, porous polydivinylbenzene copolymer sor-
bent beads approximately 0.5 mm in diameter that can reduce a
broad range of mid-molecular weight substances from blood via
pore capture and surface adsorption of hydrophobic substances.
By narrowing the pore size range to exclude large substances
such as immunoglobulin and cells, decreasing the adsorption of
hydrophilic substances, and utilizing concentration gradients,
CytoSorb primarily reduces substances at high concentration.
CytoSorb does not use affinity agents such as antibodies, biolog-
ics, or other ligands. CytoSorb utilization for reduction of albu-
min, platelets, and certain drugs has been reported, but the
reductions have not been clinically significant and have been
medically manageable.13�17 The benefit of acutely reducing
dangerous levels of toxins has been reported in life-threatening
conditions such as sepsis, trauma, and complications of cardiac
surgery.18�22

A single CytoSorb device used intraoperatively during CPB
was deemed safe and feasible in several studies.21�25 In a retro-
spective study involving 40 cardiac surgery patients undergoing
hypothermic cardiac arrest and anterograde cerebral perfusion
(20 Control vs 20 CytoSorb treated intraoperatively), CytoSorb
was safe with statistically significant postoperative reductions
of inflammatory mediators including IL-6, pro-calcitonin,
horacic and Cardiovascular Surgery � Volume 31, Number 4



ADULT � RESULTS OF REFRESH I PILOT STUDY
fibrinogen, and CRP.22 An interim analysis of approximately
180 patients (out of a target 300) undergoing elective myocar-
dial revascularization in a prospective, randomized controlled,
single center 3-arm study (off pump, on-pump, on-pump with
CytoSorb), CytoSorb was safe and associated with reduced IL-6
levels and decreased postoperative infections with lower antibi-
otic usage.24 In a randomized, controlled single-center study
(n = 37) evaluating CytoSorb use in low-to-moderate risk cardiac
surgery patients, CytoSorb use was safe and associated with sig-
nificantly reduced immune reactivity, as measured by LPS-
induced TNF-a expression.21

Unlike these previously published studies, our study is the
first randomized, controlled pilot trial to evaluate the safety
and performance of CytoSorb in reducing pfHb when used
intraoperatively during CPB in subjects undergoing complex
cardiac surgery and prolonged CPB. Unlike all other published
studies that only used one CytoSorb cartridge, this pilot study
evaluated the safety of using dual cartridges, in a parallel con-
figuration, during surgery.
METHODS
Eight academic medical centers participated based on inves-

tigator experience and site resources. Investigators could not
deviate from the protocol, except with prior written sponsor
approval or concerns for patient safety. Each participating site
obtained institutional review board approval including
informed consent documents and recruitment materials. The
protocol was a 2-arm, multicenter pilot study designed by the
investigators and CytoSorbents Corporation, New Jersey). Eli-
gible patients were undergoing elective, nonemergent, complex
cardiac surgery with expected CPB duration ≥3 hours. Patients
excluded had planned primary coronary artery bypass graft,
single-valve procedures, cardiac transplant, or left ventricular
assist device extraction. Of 297 patients screened, 52 met crite-
ria (Fig. 1). Following informed consent, patients were
Figure 1. Flow diagram of patients.
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randomized prior to study entry. Of the 52 patients, 6 with-
drew consent. The 46 remaining subjects randomized in a 1:1
ratio to either standard of care (CONTROL) or CytoSorb as an
adjunct to standard of care (TREATMENT). The SAFETY
group consisted of all 46 subjects who underwent surgery. The
pfHb EFFICACY group (EFFICACY) consisted of 38 patients
with nonmissing, validated pfHb sampling (18 TREATMENT
and 20 CONTROL patients). PfHb levels were assessed at base-
line (after induction of anesthesia, but just prior to sternotomy)
and then hourly during CPB, at the end of CPB, and then once
daily postoperatively while in the intensive care unit (ICU).

Two CytoSorb cartridges (CytoSorbents Corporation, New
Jersey; 300 mL hemoadsorption cartridges; porous divinylben-
zene copolymer sorbent; 10�60 kDa target) were placed in a
parallel configuration in a side circuit connected between the
oxygenator and venous reservoir prior to the start of the CPB
procedure as shown in Figure 2. An adjustable roller clamp
distal to the cartridges controls blood flow through the Cyto-
Sorb circuit to maintain a total blood flow »600 mL/min (min-
imum flow 350 mL/min). Because the flow into the 2 CytoSorb
cartridges returns to the venous reservoir rather than to the
patient, total flow from the CPB pump is adjusted to achieve
the desired CPB flow to the patient. Blood flow through the
CytoSorb devices was initiated 1 hour after the patient went on
CPB (when pfHb levels elevate) and stopped at the end of the
CPB procedure. CONTROL had no CytoSorb circuit. Approxi-
mately 300 mL/min, or approximately 4 total blood volumes
in 1 hour, flows through each CytoSorb device. All sites used
their standard CPB circuits with full heparin anticoagulation
and no clotting was observed.

The primary EFFICACY endpoint was the change in pfHb
from presternotomy baseline to the end of CPB. Secondary
EFFICACY endpoints were ventilator time (h) through ICU
discharge, days in the ICU, days in the hospital post-CPB
through discharge, incidence and progression of postoperative
AKI as defined by serum creatinine criteria and present if any
of the 3 defined acute kidney injury network (AKIN) stages
were identified through ICU discharge,26 and postprocedure
30-day all-cause mortality. Exploratory EFFICACY endpoints
included complement C3a, C5a, and IL-6 collected until ICU
discharge. The primary safety endpoint was the assessment of
device-related serious adverse events (SAEs) until ICU dis-
charge. Secondary safety endpoints were adverse events (AEs;
device related or not) through 30-day postprocedure; vital
signs (blood pressure, pulse, and temperature); and safety lab-
oratory assessments (hematology, comprehensive metabolic
panel, and arterial blood gas) until ICU discharge.

Statistical Analysis
Descriptive statistics for continuous variables include the

mean, median, standard deviation, and range. Confidence
intervals were included when applicable. Categorical variables
used frequency counts and percentages. The primary efficacy
endpoint was the change of pfHb from preprocedure to the
end of CPB. Because the baseline pfHb values were below the
, Number 4 785



Figure 2. CytoSorb device in CPB circuit.
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limit of detection, and because of the variability in the tim-
ing of the blood sampling at the end of CPB, the peak pfHb
value during CPB was used as the endpoint in many of the
analyses in this pilot study. Data were summarized by arm
(CONTROL or TREATMENT). Unless otherwise stated, con-
tinuous variables were compared using either t tests or Wil-
coxon sign rank tests. Categorical data were summarized
using Fisher’s exact test. All testing was 2-sided. Because
longer duration of CPB has been associated with elevated
pfHb, analysis of covariance was used to assess peak pfHb
after correcting for duration of CPB as a continuous covari-
ate. Similarly, logistic regression was applied to determine
the odds of experiencing AKI after correcting for duration of
CPB and peak pfHb.

RESULTS
The demographics including age, gender, height, weight,

and BMI of the SAFETY and EFFICACY populations are shown
in Table 1. Demographics were similar. The number of comor-
bid conditions at baseline determined the preprocedure
Table 1. Demographics of the Safety and Efficacy Populations

Safety Population

Control CytoSorb P
N = 23 N = 23

Age (mean § std) 61 § 17 66 § 8 0
BMI (mean § std) 29 § 7 28 § 4 0
Gender (male) 78% 56% 0
Hispanic 4% 0% 1
Current smoker 9% 30% 0

All values expressed as (mean§ std).
P values: t test.
*Fisher’s exact test.

786 Seminars in T
severity of illness. Twenty-one comorbid conditions were
recorded, ranging from cardiac-related diseases (eg, coronary
artery disease, atrial fibrillation) and metabolic conditions such
as diabetes and renal disease, to hematology-related disorders.
Within-patient totals ranged from 1 to 10. No significant dif-
ferences in the mean or median baseline number of conditions
were noted between TREATMENT and CONTROL.

The length of surgical procedures was highly variable in the
SAFETY population (Table 2). Despite intending to enroll
patients with CPB duration greater than 3 hours, CPB duration
was less than 3 hours in 37% (17/46), due to either an intrao-
perative change in the surgical plan or an unexpectedly shorter
procedure. Since CytoSorb is initiated 1 hour after start of
CPB, shorter CPB duration results in shorter treatment dura-
tion. The mean duration of CytoSorb treatment was 2.5 § 1.2
hours (range: 0.8�5.0 hours). Following surgery, mean length
of stay in the ICU was more variable in the CONTROL (6.8 §
12.7 days; range: 1�54 days) vs TREATMENT (4.3 § 3.3
days; range: 1�14 days) as was hospitalization postsurgery in
CONTROL (14.0 § 14.1 days; range 4�57 days) vs
Efficacy Population

Value Control CytoSorb P Value
N = 20 N = 18

.20 60 § 17 67 § 7 0.11

.29 30 § 7 28 § 4 0.51

.21* 75% 56% 0.31*

.00* 5% 0% 1.00*

.13* 5% 22% 0.17*

horacic and Cardiovascular Surgery � Volume 31, Number 4



Table 2. Surgery and ICU Statistics of Safety Population

Control CytoSorb P Value
N = 23 N = 23

Surgery length (h) 8.1 § 2.0 8.4 § 2.7 0.66
(5.3�12.2) (4.9�13.7)

CPB time (h) 3.3 § 1.1 3.8 § 1.3 0.18
(1.7�5.6) (1.9�6.6)

CPB time >5 h 1 (4%) 4 (17%) 0.35*
Length of CytoSorb
Treatment (h)

n/a 2.5 § 1.2 n/a
(0.8�5.0)

Length of ICU stay (d) 6.8 § 12.7 4.3 § 3.3 0.38
(1�54) (1�14)

Hospitalization
post-CPB (d)

14.0 § 14.1 11.8 § 5.9 0.49
(4�57) (6�28)

All values expressed as (mean§ std [min�max]).
P values: t test.
*Fisher’s exact test.

ADULT � RESULTS OF REFRESH I PILOT STUDY
TREATMENT (11.8 § 5.9 days; 6�28 days), but the differen-
ces were not statistically significant.

The majority of patients underwent multiple procedures that
included some combination of valve replacement, aortic recon-
struction, coronary artery bypass graft surgery, valve repair, or
congenital defect repair. Despite the intention to perform multiple
procedures, approximately 22% (5/23) of CONTROL and 13%
(3/23) of TREATMENT patients underwent a single procedure
due to an operative change in plan. The most common surgical
procedures performed in the SAFETY population were valve
replacement surgery (48% [11/23] CONTROL; 56% [13/23]
Table 3. Length of Cardiopulmonary Bypass (H) by Type of Surgica

All Surgeries n
Median
(min�max)

Valve replacement n (%)
Median
(min�max)

Nonvalve replacement n (%)
Median
(min�max)

Valve repair n (%)
Median
(min�max)

Aortic reconstruction n (%)
Median
(min�max)

CABG n (%)
Median
(min�max)

Congenital defect repair n (%)
Median
(min�max)

P values: Wilcoxon test comparing median values. Patients may be include
the same surgery.

Seminars in Thoracic and Cardiovascular Surgery � Volume 31
TREATMENT) and aortic reconstruction (65% [15/23] CON-
TROL; 56% [13/23] TREATMENT). Table 3 shows CPB duration
by type of surgical procedure.

Higher peak pfHb levels were correlated with longer dura-
tion of CPB (P = 0.06) in the EFFICACY population and were
typically observed at or near the end of CPB. However, pfHb
levels varied by the surgical procedure. In CONTROL patients
in the EFFICACY group (no pfHb removal), high pfHb levels
were most pronounced in patients undergoing multiple valve
replacement alone or valve replacement with other procedures
(Table 4). Procedures involving valve replacement trended
toward higher median pfHb levels compared to nonvalve
replacement procedures (123 mg/dL vs 61 mg/dL, P = 0.13).
CPB times tended to be shorter in the valve replacement sub-
group (Table 3) compared to other CONTROL patients. The
high variability in pfHb levels caused by different procedures,
CPB duration, and small study population led to the inability
to observe overall pfHb reductions from preprocedure to end
of CPB (P = 0.59).

In order to assess the performance of the device in a more
homogenous patient cohort with highest peak pfHb levels, we
analyzed the subpopulation of patients undergoing valve
replacement surgery. In this subgroup, we observed lower
peak pfHb levels over all CPB durations in TREATMENT
(N = 11) vs CONTROL (N = 10). For patients with CPB
≤5 hours (N = 8 TREATMENT, N = 10 CONTROL), a signifi-
cant reduction in pfHb was achieved at CPB of 3.5 and
4.0 hours (48 and 61 mg/dL reduction, P ≤ 0.05; Table 5
and Fig. 3).
l Procedure; Safety Population

Control CytoSorb P Value

23 23 0.25
3.2 3.7
(1.7�5.6) (1.9�6.5)
11 (48%) 13 (56%) 0.13
2.8 3.7
(1.7�4.4) (1.9�6.2)
12 (52%) 10 (43%) 0.92
4.0 3.8
(2.2, 5.6) (2.7�6.5)
5 (22%) 5 (22%) 0.69
3.5 4.0
(1.8, 4.8) (2.2, 5.0)
15 (65%) 13 (6%) 0.44
3.3 3.9
(2.2,5.6) (2.2, 6.5)
6 (26%) 8 (35%) 0.13
3.2 4.4
(1.7�4.9) (2.9�6.2)
2 (9%) 0 n/a
3.4
(2.4�4.4)

d in more than 1 category if multiple procedures were performed during

, Number 4 787



Table 4. Peak PfHb in Different Surgical Procedures (mg/dL); Efficacy Population, Control Group

Procedure N Mean Std Median Min Max

All 20 104.0 58.54 101 23 245
Multiple valve replacement 9 121.0 46.57 123 57 204
Single or multiple valve replacement and/or aortic reconstruction 17 103.9 46.92 116 41 204
Nonvalve replacement 11 90.1 65.60 61 23 246

Patients may be included in more than 1 category if multiple procedures were performed during the same surgery.

Table 5. Predicted Mean Difference in Peak pfHb Between
Control and Treatment in Valve Replacement Subgroup Dur-
ing CPB ≤ 5 Hours

CPB Length (h) Control�Treatment Mean
Peak pfHb (mg/dL)*

P Value

3.0 35 0.09
3.5 48 0.04
4.0 61 0.05
4.5 74 0.07

Treatment = 11, Control = 10.
*Least-square mean differences based on analysis of covariance
(ANCOVA) of mean peak pfHb between treatment groups adjusted for
CPB length as a continuous covariate.

Figure 3. Observed and predicted plasma-free hemoglobin (mg/

ADULT � RESULTS OF REFRESH I PILOT STUDY
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To assess the decrease of inflammatory mediators, we mea-
sured treatment effects on activated complement. The TREAT-
MENT patients showed significant reductions in C3a and C5a
during surgery. In addition, sustained reductions in levels of
C5a in the TREATMENT group compared to CONTROL were
observed throughout the duration of ICU stay (Fig. 4).

Based on AKIN criteria using creatinine as a primary measure,
the incidence of AKI in the overall safety population was not sig-
nificantly different between TREATMENT (30% or 7/23) and
CONTROL (26% or 6/23; P = 1.0), but is in agreement with previ-
ously published rates of AKI observed during cardiac surgery.27,28

In some previous studies, the risk of postprocedure AKI was
directly correlated with length of CPB and pfHb levels.28,29
dL) values by length of CPB in valve replacement subgroup.

horacic and Cardiovascular Surgery � Volume 31, Number 4



Figure 4. Effect of CytoSorb on activated complement C3a and C5a.

Table 6. Adverse and Serious Adverse Events, Safety
Population

Control CytoSorb
N = 23 N = 23

Total number AEs 137 121
Postprocedure, prior to
hospital discharge

119 86

Patients with at least 1 AE 21 (91.3%) 23 (100%)
Total number SAEs 43 44
Number patients with at

least 1 SAE
11 (47.8%) 16 (69.6%)

Patients with at least
1 AE leading to death

1 (4.3%) 2 (8.7%)

Patients with at least 1 surgical
related AE (probable or definite)

15 (69.5%) 19 (82.5%)

Total device-related AEs n/a 2
Patients with at least

1 device-related AE*
n/a 2 (8.7%)

Unanticipated device-related AEs n/a 0

*One mild and 1 severe thrombocytopenia, resolved without sequelae.

ADULT � RESULTS OF REFRESH I PILOT STUDY
A logistic regression performed with TREATMENT and length of
CPB suggests a potential reduction in risk of AKI with an odds
ratio of 0.43 at the average length of CPB for the overall safety
population (P = 0.34), and 0.26 for the valve replacement popula-
tion (alone or in conjunction with other procedures, P = 0.54).
Neither is statistically significant, and a larger study would be
required to evaluate the impact of treatment on the incidence of
AKI. Other secondary efficacy endpoints are summarized in
Table 2.

There was no significant difference between AEs or SAEs
between the CONTROL and TREATMENT groups. Type and
number of SAEs (44 vs 43 CONTROL) were similar, with
2 device-related SAEs (thrombocytopenia) that resolved with-
out sequelae. The frequency of AEs and SAEs was similar in
both CONTROL and TREATMENT groups (Tables 6 and 7).
There was no difference in 30-day mortality.

Prior to surgery, CONTROL patients in the SAFETY popula-
tion had higher baseline platelet levels compared to TREAT-
MENT patients. The initiation of CPB led to significant mean
reductions in platelet counts in both the CONTROL (38%)
and TREATMENT (50%) groups at 1 hour post-CPB start, in
the absence of CytoSorb treatment. After the initiation of Cyto-
Sorb treatment, an additional mean drop in platelets was
observed in TREATMENT (56%) vs CONTROL (4%) that
remained stable throughout CPB, with only 4% (1/23) of
CONTROL patients and 13% (3/23) of TREATMENT patients
receiving platelets during the procedure (P = 0.61). In most
Seminars in Thoracic and Cardiovascular Surgery � Volume 31
cases, platelet levels returned to 1 hour prior to CytoSorb levels
for both groups by ICU admission (Fig. 5). There were no sig-
nificant differences in postoperative coagulation parameters
(PT or PTT), AEs, or SAEs related to perioperative bleeding
complications in CONTROL or TREATMENT groups. There
was no significant difference in the median administration of
, Number 4 789



Table 7. Serious Adverse Events (SAEs) Reported in Safety
Population

Type of SAE Patients Experiencing SAEs

Control CytoSorb
N = 23 N = 23

Cardiac disorders 6 (26%) 10 (43%)
Atrial fibrillation 2 (9%) 2 (9%)

Respiratory, thoracic,
and mediastinal disorders

5 (22%) 3 (13%)

Pleural effusion 3 (13%) 2 (9%)
Procedural complication 4 (17%) 3 (13%)
Anemia � postoperative 2 (9%) 2 (9%)

Renal and urinary disorders 6 (26%) 6 (26%)
Vascular disorders 3 (13%) 3 (13%)
Hypotension 2 (9%) 2 (9%)

Blood/lymphatic system disorders 1 (4%) 4 (17%)
Thrombocytopenia 1 (4%) 2 (9%)

Metabolism/nutrition disorders 3 (13%) 2 (9%)
Nervous system disorders 3 (13%) 0 (0%)
Stroke or CVA 2 (9%) 0 (0%)

Figure 5. Perioperative pla

ADULT � RESULTS OF REFRESH I PILOT STUDY
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platelets, pRBCs, or plasma from surgery until ICU discharge
among all patients in the SAFETY population (Table 8).

Blood flow rates, as measured by transonic blood flow sen-
sors, were analyzed at each trial site. Certain trial sites reported
flow limitations in their CPB circuits and could not achieve tar-
geted blood flow rates of 300 mL/min per cartridge
(600 mL/min through both cartridges) in all cases. These sites
had “low”mean blood flow rates of approximately 206 mL/min
per device (range 148�286 mL/min), while other sites had
“high” mean blood flow rates of approximately 313 mL/min
per device (range: 269�339 mL/min).

DISCUSSION
This REFRESH I trial is the first randomized, controlled,

multicenter pilot trial characterizing the safety and efficacy of
pfHb removal by dual parallel CytoSorb cartridges when used
intraoperatively during complex cardiac surgery. The study
demonstrated that the use of dual CytoSorb cartridges within
the CPB circuit is feasible with no major reported technical
issues. The CytoSorb hemoadsorption cartridge represents a
telet levels over time.

horacic and Cardiovascular Surgery � Volume 31, Number 4



Table 8. Transfusions Administered to Safety Population � Surgery Through ICU Stay

Type of Transfusion N Mean Std Median P Value

Platelets Control 23 1.2 1.6 1 0.10
Treated 23 2.4 2.6 2

pRBC and autologous blood Control 23 2.6 4.4 2 0.26
Treated 23 4.1 5.8 2

Plasma Control 23 1.0 1.8 0 0.23
Treated 23 2.3 3.5 1

At least 1 transfusion Control 17 (74%) 0.7222*
Treated 19 (83%)

P values: Wilcoxon rank sum test.
*Fisher’s exact test.
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novel strategy to directly reduce excessive pfHb, activated com-
plement, cytokines, and other circulating inflammatory media-
tors during cardiac surgery in real-time. The CytoSorb system
has been approved in the European Union, India, Russia,
South Africa, Saudi Arabia, and other countries (though it is
not yet approved in the United States), and it has been
reported to be safe and well tolerated when used as a single car-
tridge during cardiac surgery in low-to-moderate risk patients
and in patients with acute infective endocarditis. Reported ben-
efits were improved intra- and postoperative hemodynamic
stabilization, reduced infections and need for antibiotics, and
reductions in postoperative inflammatory mediators.21�25

PfHb is generated by blood shear forces during cardiac sur-
gery. High levels of pfHb can lead to oxygen radical generation
and oxidative injury,30,31 nitric oxide scavenging leading to
vasoconstriction, systemic and regional hypertension,4,32,33 as
well as postoperative systemic inflammatory response syn-
drome.2,34,35 These changes can cause postoperative cardiac
strain, direct tissue injury, and inflammation that can poten-
tially lead to major postoperative complications such as multi-
ple organ dysfunction syndrome and multiple organ failure.36

In this pilot study, we observed that pfHb levels are depen-
dent on both the length of CPB and the type of surgical proce-
dure. In general, the longer the procedure, the higher the peak
pfHb levels. Multiple valve replacements or valve replacements
with another procedure, such as aortic reconstruction, were
associated with rapid pfHb generation and the highest peak
pfHb levels, while nonvalve replacement surgeries were not.
The surgical procedure determines the length of CPB, amount
of pericardial shed blood, and the negative pressure cardiot-
omy suction needed, which correlates with hemolysis and the
release of pfHb. The combination of a small study size, variable
peak pfHb levels among patients undergoing different proce-
dures, different CPB times, and preferential ability of CytoSorb
to reduce substances at high concentrations, impacted changes
of pfHb or organ injury in the broader SAFETY population.
However, in the valve replacement subgroup where peak levels
of pfHb were greater, CytoSorb treatment in patients undergo-
ing CPB ≤5 hours led to an absolute reduction of pfHb between
35 and 74 mg/dL through 4.5 hours of CPB, representing an
Seminars in Thoracic and Cardiovascular Surgery � Volume 31
approximately 35�45% reduction in peak pfHb levels relative
to CONTROL.

Exploratory endpoints evaluating other inflammatory medi-
ators in the SAFETY population showed significant reductions
of activated complement C3a and C5a with CytoSorb treat-
ment. In contrast to pfHb, complement appears to activate
very rapidly across all patients undergoing CPB and implies an
immediate risk of inflammation and potential organ injury.
Ideally, CytoSorb treatment should be initiated at the start of
CPB in order to have the maximum protective impact, rather
than the delayed start of 1 hour after CPB that we used in this
trial. The study was neither designed nor powered to prospec-
tively or retrospectively evaluate clinical benefit of CytoSorb in
the entire population or subgroups.

To our knowledge, CytoSorb is the first blood purification
technology to demonstrate the ability to reduce intraoperative
levels of pfHb and activated complement C3a and C5a. Like-
wise, CytoSorb may have additional benefits by reducing other
inflammatory mediators. A larger study will be needed to eval-
uate the effect of CytoSorb treatment on clinical outcomes and
postoperative complications.22 AKI is directly associated with
peak pfHb levels and is one of the most common adverse
events following complex cardiac surgery. We observed an
incidence of approximately 30%, consistent with the reported
incidence of AKI after CPB.37,38 This population would be the
logical target of a larger CytoSorb trial.39�43

In our trial, CytoSorb was safe with no major differences in
the type or number of adverse events compared to CONTROL.
One anticipated risk factor was a reduction in platelets, as CPB
and CytoSorb activate platelets. Although no decrease in plate-
lets was reported in a recently published RCT in patients
undergoing cardiac surgery with a single CytoSorb cartridge
treatment,21 the effect of dual CytoSorb cartridges on platelets
was not significant. We observed a drop in platelet levels with
the initiation of CPB in both CONTROL and TREATMENT,
primarily attributable to the known dilution effect of the crys-
talloid priming volume in the CPB circuit, organ sequestration,
and adherence to the CPB circuit. Initiation of CytoSorb treat-
ment 1 hour after CPB start led to a further reduction in plate-
lets. Part of this decrease is predictable due to 8�10% dilution
, Number 4 791
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from »400 mL of crystalloid in the CytoSorb cartridge priming
circuit. Part of the decrease is attributable to platelet adherence
to the CytoSorb beads, which is partially mitigated by main-
taining blood flow rates of 300 mL/cartridge or more. The clin-
ical relevance of intraoperative thrombocytopenia during CPB
is unclear. Patients are already anticoagulated with systemic
heparin during CPB while platelet levels rebound to pre-Cyto-
Sorb treatment levels within hours. Importantly, the number
of blood transfusions (eg, platelets, pRBCs, and plasma)
administered from the beginning of surgery through the ICU
stay was not significantly different.

There are several limitations of this study. First, the trial was
too small to account for the site-specific variability in the stan-
dard of care and case mix. Second, we used “expected CPB
time ≥3 hours” as the primary inclusion criteria. However, we
found that this variable was difficult to estimate a priori, with
37% of patients ultimately having CPB times of less than
3 hours, resulting in reduced opportunity for pfHb generation,
decreased length of CytoSorb treatment, and lower risk of
organ injury. For those patients with CPB ≥3 hours, there was
a wide variation in peak pfHb levels. The type of surgical pro-
cedure and CPB length was a better predictor of peak pfHb lev-
els than CPB length alone, with valve replacement surgery
resulting in the highest values, compared to nonvalve replace-
ment surgeries.

A future study will evaluate the safety and efficacy of Cyto-
Sorb on clinical outcomes such as a reduction in the severity of
AKI. In addition, the use of preoperative risk assessment crite-
ria such as the Cleveland Clinic Score may identify patients
with risk factors for developing postsurgical AKI. Based on
power calculations and a 1:1 randomized controlled trial, such
a trial would require about 400 patients to see a 10�15% abso-
lute reduction in AKI risk. The cost of the device, if approved
in the United States, will be determined by clinical benefit and
cost effectiveness.

CONCLUSIONS
This was the first randomized, clinical pilot trial demonstrat-

ing safety and feasibility of intraoperative use of dual, parallel
CytoSorb hemoadsorption cartridges in an elective, nonemer-
gent complex cardiac surgery population. We demonstrated
that CytoSorb use was safe and capable of reducing concentra-
tions of pfHb and activated complement, especially in patients
undergoing valve replacements surgery (eg, multiple valve
replacements or single valve with other procedures). Future
clinical studies will focus on the complex cardiac surgery pop-
ulation to evaluate benefit of removing pfHb and other inflam-
matory mediators by CytoSorb to decrease the risk of
postoperative inflammation.

Acknowledgment

We thank Kathryn Dawson, PhD, for her statistical review of
the data.
792 Seminars in T
SUPPLEMENTARY MATERIAL
The following is the supplementary data to this article:

Video 1. CytoSorb in cardiopulmonary bypass.
REFERENCES
1. Apostolakis E, Filos KS, Koletsis E, et al: Lung dysfunction following car-

diopulmonary bypass. J Cardiac Surg 25:47–55, 2010
2. Hanssen SJ, Derikx JP, Vermeulen Windsant IC, et al: Visceral injury and

systemic inflammation in patients undergoing extracorporeal circulation
during aortic surgery. Ann Surg 248:117–125, 2008

3. Billings 4th FT, SK B, Roberts 2nd LJ, et al: Postoperative acute kidney
injury is associated with hemoglobinemia and an enhanced oxidative stress
response. Free Radic Biol Med 50:1480–1487, 2011

4. Brittain EL, Janz DR, Austin ED, et al: Elevation of plasma cell-free hemo-
globin in pulmonary arterial hypertension. Chest 146:1478–1485, 2014.
https://doi.org/10.1378/chest.14-0809

5. Vermeulen Windsant IC, de Wit NC, Sertorio JT, et al: Hemolysis during
cardiac surgery is associated with increased intravascular nitric oxide con-
sumption and perioperative kidney and intestinal tissue damage. Front
Physiol 5:340, 2014. https://doi.org/10.3389/fphys.2014.00340

6. Haase MH, Haase-Fielitz A, Bagshaw S, et al: Cardiopulmonary bypass-
associated acute kidney injury: A pigment nephropathy? Contrib Nephrol
156:340–353, 2007. https://doi.org/10.1159/000102125

7. Gladwin MT, Kanias T, Kim-Shapiro DB: Hemolysis and cell-free hemo-
globin drive an intrinsic mechanism for human disease. J Clin Invest
122:1205–1208, 2012. https://doi.org/10.1172/JCI62972

8. Chemoweth DE, Cooper SW, Hugli TE, et al: Complement activation dur-
ing cardiopulmonary bypass. N Engl J Med 304:497–503, 1981

9. Stahl G, Stanton SK, Smith PL, et al: Complement activation and cardiac
surgery: A novel target for improving outcomes. Anesth Analg 115:759–
771, 2012

10. Vermeulen Windsant IC, Hanssen SJ, Buurman WA, et al: Cardiovascular
surgery and organ damage: Time to reconsider the role of hemolysis. J
Thorac Cardiovasc Surg 142:1–11, 2011. https://doi.org/10.1016/j.
jtcvs.2011.02.012

11. Vercaemst L: Hemolysis in cardiac surgery patients undergoing cardiopul-
monary bypass: A review in search of a treatment algorithm. J Extra Cor-
por Technol 40:257–267, 2008

12. Vermuelen Windsant IC, de Wit NC, Sertorio JT, et al: Blood transfusions
increase circulating plasma free hemoglobin levels and plasma nitric oxide
consumption: A prospective observational pilot study. Crit Care 16:R95,
2012. https://doi.org/10.1186/cc11359

13. Reiter K, Bordoni V, Dall’Olio G, et al: In vitro removal of therapeutic
drugs with a novel adsorbent system. Blood Purif 20:380–388, 2002

14. Zoller M, Dobbeler G, Maier B, et al: Can cytokine adsorber treatment
affect antibiotic concentrations? A case report. J Antimicrob Chemother
70:2169–2171, 2015. https://doi.org/10.1093/jac/dkv068
horacic and Cardiovascular Surgery � Volume 31, Number 4

http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0001
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0001
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0002
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0002
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0002
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0003
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0003
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0003
https://doi.org/10.1378/chest.14-0809
https://doi.org/10.3389/fphys.2014.00340
https://doi.org/10.1159/000102125
https://doi.org/10.1172/JCI62972
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0008
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0008
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0009
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0009
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0009
https://doi.org/10.1016/j.jtcvs.2011.02.012
https://doi.org/10.1016/j.jtcvs.2011.02.012
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0011
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0011
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0011
https://doi.org/10.1186/cc11359
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0013
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0013
https://doi.org/10.1093/jac/dkv068


ADULT � RESULTS OF REFRESH I PILOT STUDY
15. K€ortge A, Mitzner S, Wasserkort R: Removal capability of CytoSorb
hemadsorption columns for selected prescription drugs frequently related
to drug overdose. Eur Soc Artif Org 2017. Vienna. Poster

16. Morris C, Gray L, Giovannelli M: Early report: The use of CytoSorb haemab-
sorption column as an adjunct in managing severe sepsis: Initial experiences,
review and recommendations. J Intensive Care Soc 16:257–264, 2015

17. Pattnaik SK, Panda B: CytoSorb-friend or foe!! Indian J Crit Care Med
19:296, 2015. https://www.ncbi.nlm.nih.gov/pubmed/?term=Pattnaik+SK
%2C+Panda+B

18. Kogelmann K, Jarczak D, Scheller M, et al: Hemoadsorption by CytoSorb
in septic patients � A case series. Crit Care 21:74, 2017. https://doi.org/
10.1186/s13054-017-1662-9

19. Friesecke S, Stecher SS, Gross S, et al: Extracorporeal cytokine elimination as
rescue therapy in refractory septic shock � A prospective single-center study.
J Artif Org 20:252–259, 2017. https://doi.org/10.1007/s10047-017-0967-4

20. Traeger K, Fritzler D, Fischer G, et al: Treatment of post-cardiopulmonary
bypass SIRS by hemoadsorption: A case series. Int J Artif Org 39:141–146,
2016

21. Bernardi MH, Rinoesl H, Dragosits K, et al: Effect of hemoadsorption dur-
ing cardiopulmonary bypass surgery � A blinded, randomized, controlled
pilot study using a novel adsorbent. Crit Care 20:96, 2016. https://doi.org/
10.1186/s13054-016-1270-0

22. Born F, Pichlmaier M, Peterss S, et al: Systemic inflammatory response
syndrome in heart surgery: New possibilities for treatment through the use
of a cytokine adsorber during ECC? Kardiotechnik: 41–46, 2014

23. Baumann A, Buchwald D, Annecke T, et al: RECCAS � REmoval of Cyto-
kines during CArdiac Surgery: Study protocol for a randomised controlled
trial. Trials 17:137, 2016. https://doi.org/10.1186/s13063-016-1265-9

24. Deppe AC, Weber C, Choi YH, et al: Use of cytokine filters in cardiopul-
monary bypass machines. (Einsatz eines Zytokinfilters in die Herz-Lun-
gen-Maschine). Z Herz- Thorax-Gef€aßchir 30:254–259, 2016

25. Traeger K, Skrabal C, Fischer G, et al: Hemoadsorption treatment of
patients with acute infective endocarditis during surgery with cardiopul-
monary bypass � A case series. Int J Artif Org 40:240–249, 2017. https://
doi.org/10.5301/ijao.5000583

26. Mehta RL, Kellum JA, Shah SV, et al: Acute kidney injury network: Report
of an initiative to improve outcomes in acute kidney injury. Crit Care 11:
R31, 2007. https://doi.org/10.1186/cc5713

27. Grynberg K, Polkinghorne KR, Ford S, et al: Early serum creatinine accu-
rately predicts acute kidney injury post cardiac surgery. BMC Nephrol
18:93, 2017. https://doi.org/10.1186/s12882-017-0504-y

28. Kumar AB, Suneja M: Cardiopulmonary bypass-associated acute
kidney injury. Anesthesiology 114:964070, 2011. https://doi.org/
10.1097/ALN.0b013e318210f86a

29. Kumar AB, Suneja M, Bayman EO, et al: Association between postopera-
tive acute kidney injury and duration of cardiopulmonary bypass: A meta-
analysis. J Cardiothorac Vasc Anesth 26:64–69, 2012. https://doi.org/
10.1053/j.jvca.2011.07.007
Seminars in Thoracic and Cardiovascular Surgery � Volume 31
30. Minneci PC, Deans KJ, Zhi H, et al: Hemolysis-associated endothelial dys-
function mediated by accelerated NO inactivation by decompartmental-
ized oxyhemoglobin. J Clin Invest 115:3409–3417, 2005

31. Belcher JD, Beckman JD, Balla G, et al: Heme degradation and vascular
injury. Antioxid Redox Signal 12:233–248, 2010. https://doi.org/10.1089/
ars.2009.2822

32. Hess JR, MacDonald VW, Brinkley WW: Systemic and pulmonary hyper-
tension after resuscitation with cell-free hemoglobin. J Appl Physiol
74:1769–1778, 1993

33. Yoshida A, Mizoti I, Sakata Y, et al: Effect of vasodilators in patient with
pulmonary hypertension associated with hemolytic anemia. J Cardiol
Cases 6:e75–e77, 2012. http://dx.doi.org/10.1016/j.jccase.2012.05.002

34. Boyle EM, Pohlman TH, Johnson MC, et al: Endothelial cell injury in car-
diovascular surgery: The systemic inflammatory response. Ann Thorac
Surg 63:277–284, 1997

35. Hirai S: Systemic inflammatory response syndrome after cardiac surgery
under cardiopulmonary bypass. Ann Thorac Cardiovasc Surg 9:365–370,
2003

36. Vermeulen Windsant IC, Hanssen SJ, Buurman WA, et al: Cardiovascular
surgery and organ damage: Time to reconsider the role of hemolysis.
J Thorac Cardiovasc Surg 142:1–11, 2011. https://doi.org/10.1016/j.
jtcvs.2011.02.012

37. Robert AM, Kramer RS, Dacey LJ, et al: Cardiac surgery-associated acute
kidney injury: A comparison of two consensus criteria. Ann Thorac Surg
90:1939–1943, 2010. https://doi.org/10.1016/j.athoracsur.2010.08.018

38. Vermeulen Windsant IC, Snoeijs MG, Hanssen SJ, et al: Hemolysis is asso-
ciated with acute kidney injury during major aortic surgery. Kidney Int
77:913–920, 2010. https://doi.org/10.1038/ki.2010.24

39. Zakkar M, Bruno VD, Guida G, et al: Postoperative acute kidney injury
defined by RIFLE criteria predicts early health outcome and long-term sur-
vival in patients undergoing redo coronary artery bypass graft surgery.
J Thorac Cardiovasc Surg 152:235–242, 2016. https://doi.org/10.1016/j.
jtcvs.2016.02.047

40. Gallagher S, Jones DA, Lovell MJ, et al: The impact of acute kidney injury
on midterm outcomes after coronary artery bypass graft surgery:
A matched propensity score analysis. J Thorac Cardiovasc Surg 147:
989–995, 2014. https://doi.org/10.1016/j.jtcvs.2013.03.016

41. Corredor C, Thomson R, Al-Subaie N: Long-term consequences of acute
kidney injury after cardiac surgery: A systematic review and meta-analysis.
J Cardiothorac Vasc Anesth 30:69–75, 2016. https://doi.org/10.1053/j.
jvca.2015.07.013. Epub 2015 Jul 15

42. Wang Y, Bellomo R: Cardiac surgery-associated acute kidney injury: Risk
factors, pathophysiology and treatment. Nat Rev Nephrol 13:697–711,
2017. https://doi.org/10.1038/nrneph.2017.119

43. Ferreiro A, Lombardi R: Acute kidney injury after cardiac surgery is
associated with mid-term but not long term mortality. A cohort-based
study. PLos One. 12:e0181158, 2017. https://doi.org/10.1371/journal.
pone.0181158
, Number 4 793

http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0015
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0015
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0015
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0015
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0016
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0016
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0016
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pattnaik+SK%2C+Panda+B
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pattnaik+SK%2C+Panda+B
https://doi.org/10.1186/s13054-017-1662-9
https://doi.org/10.1186/s13054-017-1662-9
https://doi.org/10.1007/s10047-017-0967-4
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0020
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0020
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0020
https://doi.org/10.1186/s13054-016-1270-0
https://doi.org/10.1186/s13054-016-1270-0
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0022
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0022
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0022
https://doi.org/10.1186/s13063-016-1265-9
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0024
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0024
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0024
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0024
https://doi.org/10.5301/ijao.5000583
https://doi.org/10.5301/ijao.5000583
https://doi.org/10.1186/cc5713
https://doi.org/10.1186/s12882-017-0504-y
https://doi.org/10.1097/ALN.0b013e318210f86a
https://doi.org/10.1097/ALN.0b013e318210f86a
https://doi.org/10.1053/j.jvca.2011.07.007
https://doi.org/10.1053/j.jvca.2011.07.007
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0030
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0030
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0030
https://doi.org/10.1089/ars.2009.2822
https://doi.org/10.1089/ars.2009.2822
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0032
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0032
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0032
http://dx.doi.org/10.1016/j.jccase.2012.05.002
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0034
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0034
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0034
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0035
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0035
http://refhub.elsevier.com/S1043-0679(19)30062-0/sbref0035
https://doi.org/10.1016/j.jtcvs.2011.02.012
https://doi.org/10.1016/j.jtcvs.2011.02.012
https://doi.org/10.1016/j.athoracsur.2010.08.018
https://doi.org/10.1038/ki.2010.24
https://doi.org/10.1016/j.jtcvs.2016.02.047
https://doi.org/10.1016/j.jtcvs.2016.02.047
https://doi.org/10.1016/j.jtcvs.2013.03.016
https://doi.org/10.1053/j.jvca.2015.07.013
https://doi.org/10.1053/j.jvca.2015.07.013
https://doi.org/10.1038/nrneph.2017.119
https://doi.org/10.1371/journal.pone.0181158
https://doi.org/10.1371/journal.pone.0181158

	Hemoadsorption to Reduce Plasma-Free Hemoglobin During Cardiac Surgery: Results of REFRESH I Pilot Study
	INTRODUCTION
	METHODS
	Statistical Analysis

	RESULTS
	DISCUSSION
	CONCLUSIONS
	Acknowledgment
	Supplementary Material
	References



