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Abstract 

Background: Recently, a randomized controlled trial (RCT) demonstrated rapid but individually variable hemo‑
dynamic improvement with therapeutic plasma exchange (TPE) in patients with septic shock. Prediction of clinical 
efficacy in specific sepsis treatments is fundamental for individualized sepsis therapy.

Methods: In the original RCT, patients with septic shock of < 24 h duration and norepinephrine (NE) require‑
ment ≥ 0.4 μg/kg/min received standard of care (SOC) or SOC + one single TPE. Here, we report all clinical and 
biological endpoints of this study. Multivariate mixed‑effects modeling of NE reduction was performed to investigate 
characteristics that could be associated with clinical response to TPE.

Results: A continuous effect of TPE on the reduction in NE doses over the initial 24 h was observed (SOC group: 
estimated NE dose reduction of 0.005 µg/kg/min per hour; TPE group: 0.018 µg/kg/min per hour, p = 0.004). Similarly, 
under TPE, serum lactate levels, continuously decreased over the initial 24 h in the TPE group, whereas lactate levels 
increased under SOC (p = 0.001). A reduction in biomarkers and disease mediators (such as PCT (p = 0.037), vWF:Ag 
(p < 0.001), Angpt‑2 (p = 0.009), sTie‑2 (p = 0.005)) along with a repletion of exhausted protective factors (such as AT‑III 
(p = 0.026), Protein C (p = 0.012), ADAMTS‑13 (p = 0.008)) could be observed in the TPE but not in the SOC group. In a 
multivariate mixed effects model, increasing baseline lactate levels led to greater NE dose reduction effects with TPE 
as opposed to SOC (p = 0.004).

Conclusions: Adjunctive TPE is associated with the removal of injurious mediators and repletion of consumed 
protective factors altogether leading to preserved hemodynamic stabilization in refractory septic shock. We identified 
that baseline lactate concentration as a potential response predictor might guide future designing of large RCTs that 
will further evaluate TPE with regard to hard endpoints.
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Background
Sepsis is defined as life-threatening organ dysfunction 
caused by a dysregulated host response to infection and 
if hypotension is refractory to volume resuscitation with 
concurrent elevation of serum lactate it is termed septic 
shock [1]. In the absence of a specific intervention other 
than anti-infectives, mortality remains exceedingly high 
[2]. Although the overwhelming host response has been 
recognized as a key underlying pathophysiological con-
cept in sepsis [3], there still exists no specific treatment 
option for this causative target [4]. Part of the failure to 
develop effective specific therapeutic strategies might be 
attributable to the complexity and nonlinearity of sepsis 
pathophysiology making it unlikely for a single agent to 
successfully influence and rebalance the host response 
[5].

The theoretical concept of adjunctive therapeutic 
plasma exchange (TPE) in sepsis combines two major 
aspects in a singular intervention [6, 7]: First, the removal 
of injurious circulating molecules that directly contrib-
ute to the manifestation of the disease, including pro-
inflammatory (Interleukin (IL)-6), permeability inducing 
(e.g., Angiopoietin-2) and pro-coagulative (e.g., Wille-
brand factor (vWF) antigen) factors [8, 9] and second, but 
equally important, the replacement of protective plasma 
proteins that compensate for the sepsis-associated loss of 
factors important for coagulation (e.g., activated protein 
C, antithrombin), fibrinolysis (e.g., vWF cleaving pro-
teases) and counteract inflammation and vascular leak-
age (e.g., Angiopoietin-1, immunoglobulins) [8–10]. A 
meta-analysis identified four single-center randomized 
controlled trials (RCTs) that analyzed TPE in sepsis and 
found that TPE was associated with a reduced mortality 
in adult patients [11]. However, the largest of those tri-
als, which showed a trend toward improved survival, 
was underpowered and included a heterogeneous group 
of patients in terms of both disease severity and time of 
onset [12]. Therefore, it remains unclear if TPE offers a 
survival benefit in patients with septic shock [13].

Recently, our group has demonstrated in an uncon-
trolled study that TPE, applied as an adjunctive treat-
ment in patients with early (< 24  h (hrs) since shock 
onset) and severe (norepinephrine (NE) dose > 0.4  μg/
kg/min) septic shock, was associated with a rapid and 
significant reduction in catecholamine requirement [9]. 
Employing the same inclusion criteria of early and severe 

septic shock, we then performed a bi-center RCT com-
paring adjunctive TPE to standard of care (SOC). The 
primary endpoint, which showed a median reduction in 
NE requirement by almost 50% within 6 h, and key sec-
ondary endpoints of this trial have been reported earlier 
[14]. Since only limited findings were described in the 
format of a short letter, here we report the full set clini-
cal and biochemical endpoints of this study. Addition-
ally, we performed a multivariate mixed effects analysis 
of the primary endpoint NE reduction in order to iden-
tify patients that have benefited most from adjunctive 
TPE. This additional analysis might enable more precise 
designing of future large RCT investigating TPE in septic 
shock.

Methods
Study population
This was a prospective bi-center open-label randomized 
controlled trial at the Medical School Hannover and the 
University Hospital of Bonn, Germany. We screened 
n = 1321 patients admitted to the intensive care units 
(ICUs) of both hospitals from June 2018 to July 2020 for 
the presence of septic shock per SEPSIS-3 definition and 
the below explained in-/and exclusion criteria [1] (Fig. 1). 
All patients were treated according to the 2012 Surviving 
Sepsis Campaign (SSC) guidelines [15]. The ethical com-
mittee of Hannover Medical School (No. 2786-2015 and 
No. 8852_MPG_23b_2020) and University Hospital Bonn 
(No. 024/20) approved the protocol and written informed 
consent was obtained from participants or authorized 
representatives. The study was performed in accordance 
with the ethical standards laid down in the 1964 Declara-
tion of Helsinki and its later amendments. The study was 
registered at clinicaltrials.gov (Identifier: NCT04231994).

Inclusion and non‑inclusion criteria
Patients were included based on: (1) septic shock with 
(2) onset of vasopressor use < 24  h prior to screening, 
and (3) profound systemic hypotension requiring norepi-
nephrine (NE) doses of ≥ 0.4 µg/kg/min despite adequate 
intravenous fluid resuscitation (≥ 30  ml/kg bodyweight 
crystalloids). TPE had to be performed within 6  h after 
the randomization process. As exclusion criteria, we 
defined pregnancy or breast feeding, age < 18 years, end-
stage chronic disease, and presence of a directive to with-
hold life-sustaining treatment.

Trial registration Retrospectively registered 18th January 2020 at clinicaltrials.gov (Identifier: NCT04 231994).

Keywords: Extracorporeal treatment[, Plasmapheresis, Endothelium, Blood purification, Fresh frozen plasma, Sepsis, 
Precision medicine, Personalized medicine

https://clinicaltrials.gov/ct2/show/NCT04231994?term=NCT04231994&draw=2&rank=1
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Therapeutic plasma exchange
Vascular access was established by central venous inser-
tion of an 11-French two-lumen hemodialysis catheter. 
Based on previous experiences only a single TPE session 
was performed, since hemodynamic improvements were 
only achieved by the very first exchange [16]. TPE was 
performed against fresh frozen plasma (FFP), exchanging 
a fixed dose of 12 units of plasma (3262 ± 350 ml equal to 
1 ± 0.3 times plasma volume) within 121 ± 37 min treat-
ment time. Individual patient’s plasma volume was cal-
culated in retrospect by a formula using patient weight 
and hematocrit [17]. In the majority (18/20) of patients 
a centrifugal TPE device (Spectra Optia Apheresis Sys-
tem) was used. Anticoagulation during TPE was achieved 
by regional citrate infusion. In patients with acute kid-
ney injury (AKI), renal replacement therapy (RRT) was 
interrupted for the duration of TPE. Blood samples were 
drawn at randomization and 6  h following randomiza-
tion. Patients were closely followed for the next 28 days, 
and survival was recorded. NE dose was titrated every 
10–15 min to maintain a mean arterial pressure (MAP) 
above 65 mmHg.

Endpoints
The primary endpoint was early hemodynamic improve-
ment, indicated by absolute and relative NE reduction 
between randomization and 6 h following randomization.

Clinical secondary endpoints were the following: NE 
reduction between randomization and 24  h following 
randomization; reduction in the vasoactive-inotropic 
score (VIS) [18] between randomization and 6 h as well 
as after 24  h; Mean SOFA score over the first 9  days 
and 28-day mortality; Arterial lactate concentration, 
 pO2/FiO2 ratio, total fluid balance, stroke volume varia-
tion (SVV), global end-diastolic volume index (GEDI), 
extravascular lung water index (ELWI), systemic vascular 
resistance index (SVRI), cardiac index (CI), all between 
randomization and 6 h thereafter; free days of vasopres-
sors, mechanical ventilation, renal replacement therapy 
(RRT) and ICU within the first 28 days.

Biochemical secondary endpoints were absolute and 
relative change of procalcitonine (PCT), antithrombin-
III (AT-III), protein C, a disintegrin and metalloprotein-
ase with a thrombospondin type 1 motif, member 13 
(ADAMTS13) activity, von Willebrand Factor Antigen 
(vWF:Ag), Angiopoietin-2 (Angpt-2) as well as soluble 
angiopoietin receptor (sTie-2), all between randomiza-
tion and 6 h after randomization.

Statistical analysis
Data were presented as median (25–75% IQR). Two-
tailed p values of less than 0.05 were considered to indi-
cate statistical significance. Comparisons of population 
characteristics between the TPE and the SOC group were 
performed using t-tests, Wilcoxon signed-rank tests and 
χ2 test, as appropriate. In order to compare the effect of 
TPE against SOC across the initial 24  h, paired t- and 
paired Wilcoxon signed-rank tests were employed after 
assessment for normality.

Survival data were analyzed by means of Cox propor-
tional-hazards models as well as log-rank tests.

Modeling of the effect of TPE on repeated-measures of 
NE and lactate levels was approached by means of a lin-
ear mixed-effects model. NE (and lactate) measures were 
entered as outcome variable into the model, whereas 
TPE or SOC and time were entered as independent fixed 
effects including the interaction between both, finally per 
patient random intercepts were entered into the model. 
P values for individual fixed effects were obtained by 
Satterthwaite’s degrees of freedom method. In order to 
explore predictor variables for TPE effect, these were 
entered as additional fixed effects including a triple inter-
action term with TPE/ SOC and time, as well as all sim-
ple interaction terms between fixed effects. Model fit was 
assessed using a likelihood ratio test of the full model 
with the effects in question against a “null model”. Inter-
action terms were retained only if they were found to 
contribute to the model.

Statistical analysis was performed using GraphPad 
Prism 7 (La Jolla, CA), SPSS Statistics (IBM) and the R 

1321 patients
screened

between June 2018- July 2020

558 patients
with sepsis (Sepsis-3 criteria)

204 patients
with septic shock

40 patients
randomized with

early (< 24 hrs) and severe (NE ≥ 0.4 μg/kg/min) septic shock

763 patients
had a non-infectious condition

requiring intenive care

354 patients
had sepsis w/o shock

164 patients
had septic shock > 24 hrs

or
septic shock with

NE < 0.4 μg/kg/min

20 patients
receiving SOC

20 patients
receiving SOC + 1x TPE

Fig. 1 Flowchart of study participants. Shown are screening, 
enrollment and randomization of patients. Inclusion criteria were 
early (< 24 h) and severe (norepinephrine (NE) dose ≥ 0.4 μg/kg/
min despite adequate fluid resuscitation) septic shock. The study 
compared standard of care (SOC) to SOC + a singular therapeutic 
plasma exchange (TPE), performed immediately following 1:1 
envelope‑based randomization
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environment for statistical computing version 4.1.2 (R 
Foundation for Statistical Computing, Vienna, Austria).

Results
Cohort characterization
Based on the strict criteria we included 40 out of 1321 
initially screened patients admitted to two tertiary care 
hospital ICUs (Fig. 1).

The demographic and clinical details are summarized 
in Table  1 demonstrating that both groups were com-
parable at randomization. Approximately, 80% of the 
patients were men with a median age around 55  years. 
The most common comorbidities were hypertension, 
obesity and diabetes. Pulmonary and abdominal infec-
tions were the most common cause of sepsis. In approxi-
mately 80% of patients, a causative pathogen, mostly 
gram + and gram- bacteria was identified and all patients 
were treated with a combination of broad-spectrum anti-
biotics. The median [IQR] SOFA score at inclusion was 
16 [14–19] highlighting the degree of multi-organ failure 
in the overall cohort. The median NE dose was 0.6 μg/kg/
min, significantly higher than required for study inclu-
sion (≥ 0.4 μg/kg/min). Ninety-three percent of patients 
were mechanical ventilated due to respiratory failure and 
acute kidney injury (AKI) with need for renal replace-
ment therapy (RRT) was present in 65% of the patients 
at inclusion. Despite continuous RRT and high dose 
vasopressor support, median lactate concentrations of 4 
(2.6–6.1) mmol/l were detected. Markedly increased val-
ues for C-reactive protein (CRP), procalcitonine (PCT) 
and white blood cell count (WBC) were observed at 
randomization. In the TPE and the SOC group 17/20 
and 20/20 patients received continuous corticosteroid 
medication within the first seven days since randomiza-
tion (p = 0.722), respectively. At inclusion, 13/20 patients 
in the TPE group and 18/20 patients in the SOC group 
received continuous corticosteroids (p = 0.499). Corticos-
teroid preparation of choice was hydrocortisone given as 
a continuous intravenous drip at a dose of 200–240 mg/d 
(16/20 in the TPE and 17/20 in the SOC group) contin-
ued until shock resolution or death.

Clinical endpoints
The primary endpoint has been presented in a short 
report recently [14]. In summary, the NE dose in the 
SOC group did not change within 6 h, but the NE dose 
decreased significantly in the TPE group by 48% (sum-
marized in Table 2).

Analyzing the long-term effects, we observed a pres-
ervation of this early effect even 24 h after randomiza-
tion. While NE dose was 0.36 [0.24–0.76] µg/kg/min in 
the SOC group, it was 0.18 [0.07–0.34] µg/kg/min in 

the TPE group (p = 0.01, Table 2). This corresponded to 
an absolute NE dose reduction of − 0.12 µg/kg/min in 
the SOC group compared to −  0.46  µg/kg/min in the 
TPE group (p = 0.001, Table 2); the relative median NE 
dose reduction at 24 h compared to baseline was − 24 
[− 63 to + 11) % for control patients compared to − 72 
[−  89 to −  58] % for TPE treated patients (p < 0.0001, 
Table 2). Absolute NE dose of survivors was not differ-
ent at 48 (p = 0.495) and 72 h (p = 0.281) following ran-
domization (data not shown).

To additionally investigate the effect of TPE on hemo-
dynamics if further vasopressors (e.g., argipressin) as 
well as additional inotropes were required, we com-
pared the VIS, which quantitatively summarizes cumu-
lative doses of vasopressors and inotropes applied [18], 
between groups. The VIS was unchanged in the SOC 
group at 6 h following randomization (VIS: 61 [46–85] 
vs 62 [41–146] points, p = 0.984, Table 2). In contrast, 
in the TPE group the VIS was reduced by half (60 [55–
87] vs 31 [20–43] points, p < 0.0001, between-group 
difference at 6 h: p < 0.0001, Table 2). At 24 h following 
randomization, a significant difference between groups 
remained (p = 0.028, Table 2).

Consistent with reduction in NE, lactate concen-
tration showed a significant decline in the TPE group 
within 24  h after randomization (p = 0.014), which 
was not found in the SOC group (p = 0.628, Table  2). 
Total fluid balances increased in both groups during 
the first 24  h and were not different between groups. 
However, stroke volume variation (SVV), a dynamic 
measure of preload, remained unchanged in the SOC 
group while it numerically decreased in the TPE group 
(p = 0.069 between-group difference at 6  h, Table  2). 
All other parameters measured by PiCCO (measured 
in a subgroup of 13 patients in the SOC and 11 in the 
TPE group) monitoring showed no differences between 
groups (Table 2).

Although numerically lower in the TPE group, neither 
the mean SOFA score over the first 9 days, nor the 28-day 
mortality was significantly different between groups [14]. 
Early mortality after 48  h following randomization was 
30% in the SOC and 10% in the TPE group (p = 0.095). 
Patients with pulmonary focus of infection had a 28-day 
mortality of only 15% in the TPE group while it was 42% 
in the SOC group (HR 0.297 [0.057–1.538], Cox regres-
sion p = 0.148, log-rank test p = 0.095). In contrast, mor-
tality of patients with an abdominal focus of infection 
was high in both groups (67 vs 83%, HR 1.575 [0.411–
6.034], Cox regression p = 0.507). Patients in both groups 
had a comparable extent of total free days of ventilator, 
vasopressors, RRT and ICU during a 28-day period since 
randomization (Table 2).
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Table 1 Demographic and clinical parameters at study inclusion

Category All n = 40 SOC n = 20 TPE n = 20 p

Age—years 56 (47–63) 57 (46–65) 55 (48–60) 0.663

Sex—no (%) 0.429

Male 32 (80) 17 (85) 15 (75)

Female 8 (20) 3 (15) 5 (25)

BMI—kg/m2 25.4 (22.6–32.3) 25.5 (24.1–35.4) 25.1 (20.2–31.1) 0.114

Comorbidities—no (%)

Obesity 12 (30) 6 (30) 6 (30) 1

Hypertension 17 (42.5) 9 (45) 8 (40) 0.749

Diabetes 6 (15) 5 (25) 1 (5) 0.077

COPD 4 (10) 3 (15) 1 (5) 0.292

CHF 7 (17.5) 4 (20) 3 (15) 0.677

CAD 4 (10) 2 (10) 2 (10) 1

CKD 7 (17.5) 4 (20) 3 (15) 0.677

Immunosuppression 8 (20) 3 (15) 5 (25) 0.429

SOT or HSCT 5 (12.5) 3 (15) 2 (10) 0.633

Sepsis onset—no (%)

Ambulatory 26 (65) 13 (65) 13 (65) 1

Hospital 14 (35) 7 (35) 7 (35) 1

Side of infection—no (%)

Pulmo 25 (62.5) 12 (60) 13 (65) 0.744

Abdomen 12 (30) 6 (30) 6 (30) 1

Soft tissue 2 (5) 2 (10) 0 (0) 0.147

Endocarditis 1 (2.5) 0 (0) 1 (5) 0.311

Identified pathogen—no (%)

Gram + 12 (30) 6 (30) 6 (30) 1

Gram‑ 12 (30) 5 (25) 7 (35) 0.49

Fungi 2 (5) 1 (5) 1 (5) 1

Viral 3 (7.5) 2 (10) 1 (5) 0.548

Mixed 2 (5) 2 (10) 0 (0) 0.147

Non‑identified 9 (22.5) 4 (20) 5 (25) 0.705

SOFA score (points) 16.5 (14–19) 18 (14–20) 16 (13–18) 0.125

Norepinephrine dose (μg/kg/min) 0.591 (0.468–0.84) 0.582 (0.458–0.84) 0.598 (0.549–0.867) 0.724

VIS (points) 61 (48–85) 61 (46–85) 60 (55–87) 0.98

Mechanical ventilation—no (%) 37 (92.5) 18 (90) 19 (95) 0.548

Oxygenierungsindex  (PaO2/FiO2) 145 (97–243) 156 (81–221) 132 (98–278) 0.624

ECMO—no (%)

vv‑ECMO 9 (22.5) 4 (20) 5 (25) 0.705

va‑ECMO 2 (5) 2 (10) 0 (0) 0.147

Renal replacement therapy—no (%) 26 (65) 14 (70) 12 (60) 0.507

Lactate—mmol/l 4 (2.6–6.1) 4.4 (2.6–6.9) 4 (2.6–5.9) 0.513

Organ failure—no (%)

Respiratory 39 (97.5) 19 (95) 20 (100) 0.311

Coagulation 19 (47.5) 10 (50) 9 (45) 0.752

Liver 16 (40) 11 (55) 5 (25) 0.053

Cardiovascular 40 (100) 20 (100) 20 (100) 1

Neurological 39 (97.5) 20 (100) 19 (95) 0.311

Renal 32 (80) 16 (80) 16 (80) 1

CRP (mg/l) 297 (168–350) 279 (115–410) 297 (213–350) 0.698

PCT (μg/l) 30 (7–82) 36 (13–101) 20 (6–59) 0.159

WBC  (103/μl) 17 (8–20) 12 (5–18) 18 (10–23) 0.244
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Biochemical endpoints
PCT further increased in the SOC group, while it was 
reduced in the TPE group (PCT at 6 h after randomiza-
tion: 41.1 [12.2–103.9] vs 15 [4.9–39.7] μg/l, p = 0.037, 
Fig. 2A).

Antithrombin (AT)-III increased in the TPE but not 
in the SOC group (AT-III at 6  h after randomization: 
57 [47–69] vs 69 [63–78] %, p = 0.026, Fig.  2B). The 
same observation was made for protein C (protein C 
at 6 h after randomization: 51 [27–67] vs 67 [60–82] %, 
p = 0.012, Fig. 2C). ADAMTS-13 activity was unchanged 
in the SOC group, while it increased significantly in the 
TPE group C (ADAMTS-13 at 6 h after randomization: 
41 [25–50] vs 47 [40–70] %, p = 0.008, Fig. 2D). In con-
trast, vWF:Ag was profoundly reduced in the TPE group 
(vWF:Ag for TPE group at baseline vs 6  h after rand-
omization: 322 [202–367] vs 98 [62–202] %, p < 0.0001, 
Fig.  2E), an effect not seen in the SOC group. Conse-
quentially, the ratio of vWF:Ag to ADAMTS-13 activ-
ity was unchanged in the SOC group but significantly 
decreased in the TPE group (vWF:Ag/ADAMTS-13 at 
6  h after randomization: 6.2 [2.7–10.5] vs 2.1 [1.1–4], 
p = 0.006, Fig. 2F).

Angpt-2 concentration remained stable elevated in 
the SOC group but could be reduced in the TPE group 
(Angpt-2 at 6 h after randomization: 11.49 [7.1–18.0] vs 
6.1 [4.5–7.9] ng/ml, p = 0.009, Fig.  2G). The same effect 
of TPE was observed for sTie-2 (sTie-2 at 6 h after ran-
domization: 47.8 [42.4–63.6] vs 33.2 [29.9–41.6] ng/ml, 
p = 0.005, Fig. 2H).

Prediction of NE dose response and lactate levels over 24 h 
in a linear model
A mixed-effect model (Additional file  1: Table  S1) indi-
cated a continuous effect of TPE on the reduction in 
NE doses over the initial 24  h. As opposed to the SOC 
group, which presented an estimated NE dose reduction 
of 0.005 µg/kg/min per hour, patients in the TPE group 
experienced an estimated NE reduction of 0.018  µg/kg/
min per hour (p = 0.004) (Fig. 3A, B).

Similarly, under TPE serum lactate levels continuously 
decreased over the initial 24  h whereas they increased 
under SOC (p = 0.001) (Fig.  3 C, D & Additional file  1: 
Table S2).

Solely baseline lactate levels were found to be predic-
tive for the effect of TPE on NE reduction over the initial 

24 h (Additional file 1: Table S3). Patients with increas-
ing baseline lactate levels experienced diminishing NE 
dose reductions over 24 h when under SOC, in contrast 
to patients under TPE which experienced sustained NE 
reductions across all levels of lactate (p = 0.004). Thus, 
above approximately 3 mmol/l of lactate the slopes of NE 
dose reduction between TPE and SOC became disjoint, 
and above 4.5  mmol/l patients under SOC experienced 
no NE dose reduction, whereas NE reduction in the TPE 
group remained conserved (Fig. 4).

Discussion
This prospective randomized bicentric trial shows that 
early TPE in patients with septic shock leads to hemo-
dynamic stabilization. The primary endpoint showed 
a reduction in NE after 6  h following randomization of 
about 50% found in the TPE group. This early hemody-
namic stabilization was also applicable for additional 
vasoactive and inotropic agents used (indicated by the 
VIS), was preserved 24  h after randomization and was 
accompanied by a reduction in blood lactate indicat-
ing shock reversal in the TPE group. Although NE dose 
was not different between groups beyond 24 h, this effect 
could be confounded by a higher mortality in the SOC 
group within the first 48  h after randomization. These 
results confirm earlier findings from non-randomized 
trials [9, 19]. Although total fluid balance was not differ-
ent between both groups, SVV was improved in the TPE 
cohort, which might indicate additional greater intra-
vascular filling following TPE treatment. In accordance 
with this hypothesis, improved fluid balances have been 
observed repeatedly with additive TPE treatment [9, 19].

More recently, distinct biological and clinical sepsis 
phenotypes have been identified that might respond dif-
ferently to specific therapeutic measures [20]. As such, 
one of the major challenges in future precision medicine 
orientated sepsis therapy will lie in the correct identifi-
cation of subgroups that might benefit most from a cer-
tain additive therapy modality. Two robust mixed-effect 
models indicated continuous effects of TPE on the reduc-
tion in both NE doses and lactate concentration over the 
initial 24 h following randomization. Overall, this might 
indicate improvements in both macro- and microcircu-
latory dysfunction associated with TPE treatment. Fur-
thermore, when several baseline variables were explored 
as potential predictor variables for TPE effect on NE dose 

Table 1 (continued)
Shown are both demographic and clinical characteristics at randomization for patients receiving standard of care treatment (SOC) as well as patients receiving 
additive therapeutic plasma exchange (TPE)

BMI body mass index, CAD coronary artery disease, CHF congestive heart failure, CKD chronic kidney disease, COPD chronic obstructive pulmonary disease, CRP 
C-reactive protein, ECMO extracorporeal membrane oxygenation (vv venovenous, va venoarterial), HSCT hematopoietic stem cell transplant, NE norepinephrine, PCT 
procalcitonine, RRT  renal replacement therapy, SOFA Sequential Organ Failure Assessment, SOT solid organ transplant, VIS vasoactive-inotropic score, WBC white blood 
cell count
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utilizing an additional multivariate mixed-effects model 
including a triple interaction term with TPE/SOC and 
time, only baseline lactate concentration turned out to be 
a significant predictor of later hemodynamic response to 
TPE. Patients with increasing baseline lactate levels expe-
rienced diminishing NE dose reductions over 24 h when 

under SOC, in contrast to patients under TPE, which 
experienced sustained NE reductions across all levels of 
lactate. Already above a baseline lactate above 3 mmol/l, 
the slopes of NE dose reduction between TPE and SOC 
became disjoint, and above 4.5  mmol/l patients under 
SOC experienced no NE dose reduction at all, whereas 
this remained conserved in the TPE group. This obser-
vation is of relevance as both absolute lactate and lac-
tate clearance has been closely associated with survival 
in patients with septic shock [21]. That TPE appears to 
be effective in initiating both hemodynamic stabilization 
and lactate clearance and is especially beneficial in terms 
of hemodynamic improvement in patients with initial 
high lactate concentrations is a promising finding. Base-
line lactate concentration might also facilitate further 
stratification in future larger prospective studies investi-
gating TPE in septic shock patients.

In contrast to other modalities of adjunctive extracor-
poreal sepsis treatment [7], TPE has the potential to not 
only remove excessive potentially injurious mediators 
(e.g., cytokines) but also to replace depleted protec-
tive factors that can be found in physiological concen-
trations within the healthy donor plasma used for the 
exchange [6]. Consistently, we observed with TPE a 
reduction in injurious mediators such as PCT, vWF:Ag, 
Angpt-2, sTie-2 and a repletion of decreased protec-
tive factors such as AT-III, Protein C, ADAMTS-13, 
which were not seen in the control group. These results 
confirm previously made observations from non-rand-
omized investigations [8, 9].

Increased PCT concentrations have been closely 
associated with reduced survival in both preclinical 
sepsis models [22, 23] and clinical observations [24]. 
Some data indicate that PCT is not only a biomarker 
but might also be a disease mediator making it promis-
ing as a potential therapeutic target [22]. Therefore, the 
observation that a circulating marker/meditator like 
PCT could be lowered after TPE to half of the control 
group level is of potential importance.

Supplementation of septic patients with AT-III has 
been investigated for a long time and did not show a 

Fig. 2 Secondary biochemical endpoints. Box and whisker blots 
showing A Procalcitonin (PCT), B Antithrombin‑III (AT‑III), C Protein 
C, D A disintegrin and metalloprotease with thrombospondin‑1‑like 
domains 13 (ADAMTS13), E von Willebrand factor antigen (vWF:Ag), 
F vWF:Ag/ADAMTS13 ratio, G Angiopoietin‑2 (Angpt‑2), H soluble 
receptor of tyrosine kinase with immunoglobulin‑like and EGF‑like 
domains (sTie‑2) for patients receiving standard of care (SOC) 
treatment as well as patients receiving additive therapeutic plasma 
exchange (TPE). Compared are results both at randomization and 6 h 
after randomization and between‑group differences

▸
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mortality benefit in early trials involving heterogene-
ous patient populations [25]. It might, however, reduce 
mortality in selected highly unstable septic patients, 
including those with disseminated intravascular coag-
ulation (DIC) [26–28]. Median ISTH-DIC score in 
our study was 4 (3–5) with elevated D-Dimers of 7.9 
(3–18.2) mg/l, indicating non-overt DIC in the overall 
cohort with overt DIC in some patients. Depletion of 
the endogenous anticoagulation factor “protein C” by 
increased consumption, degradation, and/or decreased 
synthesis, is a well-described characteristic of sep-
sis and has been shown to predict mortality in sepsis 
[29]. Interestingly, substitution of its activated form 
termed Drotrecogin alfa improved 28-day survival in 
the initial randomized controlled trial [30], but failed 
to reproduce these findings in a later confirmatory 
study of patients with septic shock [31]. Heterogene-
ity of distinct biological and clinical sepsis phenotypes 
that might respond different to specific therapeutic 
measures such as protein C supplementation might in 

part explain these conflicting results [20]. Particularly, 
severe deficiency of protein C (e.g., in purpura fulmi-
nans) is associated with inferior outcomes in sepsis 
[29] and treatment options, including protein C sup-
plementation, are continued to be evaluated in these 
selected patients [32, 33]. Median protein C activity 
of our cohort at randomization was 54.5 (39.8–70) %, 
indicating protein C deficiency to a certain extend in all 
patients. Of note, TPE did increase AT-III activity.

Severe ADAMTS13 deficiency (the VWF cleaving pro-
tease) causes accumulation of ultra-large vWF multimers 
(ULVWF) that can lead to the clinical picture of throm-
botic microangiopathy as seen in its most severe form 
in thrombotic thrombocytopenic purpura (TTP) [34]. 
Interestingly, a deficiency of ADAMTS13 is also detect-
able in sepsis [35–37]. At the same time, large amounts of 
vWF:Ag are secreted by the activated septic endothelium 
leading to both increased platelet aggregation and forma-
tion of highly pro-thrombotic ULVWF multimers [38]. 
Consequentially, an increased vWF:Ag/ADAMTS13 ratio 

Fig. 3 Modulation of TPE effect on norepinephrine dose and lactate concentrations. Shown are both observed A, C and estimated B, D 
norepinephrine doses (NE) as well as lactate concentrations for the standard of care (SOC) and therapeutic plasma exchange (TPE) group during the 
first 24 h since randomization. Estimated values were calculated using a linear mixed‑effects model. The models indicated a continuous effect of TPE 
on the reduction in NE doses (p = 0.004) and lactate concentrations (p = 0.001) over the initial 24 h
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has been repeatedly associated with severity of shock 
and organ failure as well as increased mortality in sepsis 
[35, 39–42]. Median ADAMTS13 activity was lowered to 
43% with a relatively wide IQR of 25 to 55%. ADAMTS13 
activity below 45% has already been associated with 
increased mortality in sepsis [41], activity below 30% 
with significantly higher systemic inflammation (i.e., 
IL-6 concentrations) [40] and greater incidence of overt 
DIC [36]. While we did not measure ULVWF multimers, 
vWF:Ag concentration was more than three times as high 
as normal at baseline but normalized in patients follow-
ing a singular TPE treatment.

Angpt-2, a pre-stored protein secreted by stimulated 
endothelium and an antagonist of the vascular bar-
rier protective receptor Tie2, contributes to the patho-
physiology of septic multiple organ dysfunction [43–45]. 
Increased circulating Angpt-2 concentrations are asso-
ciated with both organ failure and mortality in septic 
patients [46] and initial Angpt-2 concentrations below 
9.2  ng/ml have been associated with favorable sur-
vival. Here, we show a significant reduction in circulat-
ing Angpt-2 following TPE to around 6  ng/ml, while it 
remains elevated in the control group. Finally, cleaved 
circulating receptor binding domain sTie2 has been 
demonstrated to locally inhibit endothelium protective 
Angpt-1 signaling by trapping protective Angpt-1 [47]. 

Of note, sTie2 circulating concentration was reduced by 
30% following a singular TPE session.

This exploratory study was not powered to dem-
onstrate a difference in organ dysfunction or mortal-
ity. Thus, although numerical trends were observed for 
the TPE group toward lower median SOFA Scores and 
28-day mortalities, no statistically significant differ-
ences could be observed. Recent retrospective analyses 
have suggested lower degrees of organ dysfunction as 
well as mortality in septic shock patients following treat-
ment with adjunctive TPE [19, 48]. In a recent propen-
sity-score-matched retrospective analysis, patients with 
pneumonia as the primary site of infection demonstrated 
the greatest improvement in 28-day mortality by addi-
tive TPE [19]. Consistent with this observation we found 
that patients with a lung focus of infection had a bet-
ter response to TPE with 28-day mortality of 15% com-
pared to 42% in the control group. The observation that 
pulmonary sepsis foci had numerically better survival 
upon TPE is encouraging and deserves further analysis. 
Despite the recent acknowledgment of source-specific 
host responses in sepsis [49] where abdominal foci dem-
onstrated stronger inflammatory patterns along with 
vascular permeability and coagulation compared to a 
pulmonary focus, observed beneficial TPE response in 
pneumonia might be influenced by relevant confounders 

Fig. 4 Prediction of effect of TPE on norepinephrine dose by baseline lactate concentration. Shown are estimated norepinephrine (NE) doses for 
both the standard of care (SOC) and therapeutic plasma exchange (TPE) group stratified by different lactate concentrations at randomization. 
Estimated values were calculated using a triple interaction model with TPE/ SOC and time, as well as all simple interaction terms between fixed 
effects. The model indicated that patients with increasing baseline lactate levels experienced diminishing NE dose reductions over 24 h when 
under SOC, in contrast to patients under TPE which experienced sustained NE reductions across all levels of lactate (p = 0.004). At baseline lactate 
concentrations of 2 mmol/l, both groups showed a reduction in NE (left panel). Above 4.5 mmol/l, patients under SOC experienced no NE dose 
reduction, whereas NE reduction in the TPE group remained conserved (middle panel). Above 7 mmol/l, patients in the SOC group showed 
increasing NE doses over time, while NE reduction was conserved in the TPE group (right panel). The thresholds for baseline lactate concentration 
employed were chosen post hoc in order to best illustrate the continuous effect of lactate within the model
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such as source control, bacterial resistance, and prevalent 
comorbidities.

TPE has been investigated as an adjunctive treatment 
modality for sepsis earlier [9, 12, 19, 48, 50–52] with 
overall inconclusive results [11] preventing advice toward 
a routine use [53]. The informative value of these previ-
ous studies was limited by both a heterogeneity of the 
incorporated inclusion criteria (e.g., adult and pediat-
ric patients, patients with and without shock, different 
durations of sepsis shock onset before inclusion) as well 
as the non-randomized nature of most studies. A major 
strength of this current trial therefore is a homogeniza-
tion of the patient cohort investigated by only including 
patients with severe (NE dose > 0.4 μg/kg/min) and early 
(< 24 h since onset) septic shock. By assessing, in addition 
to the clinical data presented, a collection of (non-rou-
tinely measured) biochemical parameters, we suggest a 
possible pathophysiological explanation for the observed 
improved hemodynamic stabilization found following 
TPE.

TPE using FFP as replacement fluid has several poten-
tial adverse events, including infectious and non-infec-
tious (allergic reaction, transfusion associated lung injury 
(TRALI), citrate toxicity, hypotension) [54] with pruri-
tus and urticaria most commonly observed [55]. How-
ever, severe adverse events are rare [56] and incidence 
of adverse events requiring discontinuation of treatment 
lies at around 0.2% [55]. Of note, no adverse events were 
observed in this present patient cohort.

This study has important limitations, mainly its small 
sample size, preventing to draw conclusions about 
hard endpoints such as organ-dysfunction or mortal-
ity. In addition, the intervention was administered as a 
singular regimen and at a fixed dose, which precludes 
us from providing data on effects at different dosages 
or time frames. A fixed dose of exchanged plasma vol-
ume was preferred over a more conventional weight 
and hematocrit-based dose for reasons of simplic-
ity of the protocol. A minority of patients therefore 
has been treated with plasma volumes lower than the 
general recommendation made by the American Soci-
ety of Apheresis (AFSA) (1–1.5 times plasma volume) 
[13]. The absence of a third therapeutic arm testing 
plasma exchange with albumin as replacement fluid, 
prevents to draw conclusions concerning the under-
lying reason for the beneficial effects seen in terms of 
hemodynamic stabilization, e.g., due to removal of inju-
rious mediators or replacement with protective factors. 
However, it might be possible that exactly the combi-
nation of both principles might be important for res-
toration of hemostasis in septic shock [57]. The use of 
lactate as a parameter to predict response to treatment 
was not proposed a-priori. Therefore, these results are 

hypothesis generating and meant to inform a larger 
follow-up study, which will be suitable to confirm (or 
falsify) these observations.

Conclusions
Our explorative randomized study demonstrated 
improved hemodynamic stabilization and lactate clear-
ance following adjunctive TPE in a subgroup of early 
septic shock patients. Higher baseline lactate con-
centrations predicted response to TPE and may guide 
future designs of a randomized, controlled multicenter 
study to further investigate this treatment modality.
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