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Abstract

Objective: The objective was to compare the resolution of organ dysfunction, 28-day mortality, 

and biochemical markers in children with thrombocytopenia-associated multiple organ failure who 

received therapeutic plasma exchange versus no therapeutic plasma exchange.

Design: Observational longitudinal cohort study.

Setting: Nine U.S. PICUs.

Patients: Eighty-one children with sepsis-induced thrombocytopenia-associated multiple organ 

failure.

Interventions: Therapeutic plasma exchange.

Measurements and Main Results: Adjusted relative risk for 28-day mortality was modeled 

using standard multivariate regression with propensity score weighting to reduce covariate 

confounding. Change from baseline Pediatric Logistic Organ Dysfunction scores between 

therapeutic plasma exchange and no therapeutic plasma exchange differed in temporal pattern 

during the first week (p = 0.009). By day 4, mean Pediatric Logistic Organ Dysfunction score 

declined by 7.9 points (95% CI, −10.8 to −5.1) in the therapeutic plasma exchange–treated 

group compared with no change with no therapeutic plasma exchange. Use of therapeutic plasma 

exchange was associated with reduced 28-day mortality by multivariate analysis (adjusted relative 

risk, 0.45; 95% CI, 0.23–0.90; p = 0.02) and by propensity score weighting (adjusted relative risk, 

0.46; 95% CI, 0.22–0.97; p = 0.04).

Conclusions: Therapeutic plasma exchange use in thrombocytopenia-associated multiple organ 

failure was associated with a decrease in organ dysfunction. After accounting for several risk 

factors, 28-day all-cause mortality was lower in children treated with therapeutic plasma exchange 

compared with those receiving no therapeutic plasma exchange. A multicenter randomized clinical 

trial is necessary to determine a causal relationship.
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Severe sepsis in children remains a worldwide dilemma, occurring in over 75,000 cases in 

the United States annually, with an estimated attributable cost of nearly 5 billion dollars (1). 

In general, children die of sepsis due to multiple organ dysfunction with occurrence rate 

of mortality directly proportional to the number of organ failures (2-4). Thrombocytopenia-

associated multiple organ failure (TAMOF) is a distinct clinical phenotype of sepsis 

associated with thrombotic microangiopathy. The clinical syndrome is heralded by 1) 

thrombocytopenia, 2) microangiopathic hemolysis, 3) hemodynamic failure, and 4) ischemic 

organ failure that shift TAMOF patients toward a prothrombotic and antifibrinolytic state 

(5-7). Children meeting TAMOF criteria have higher organ dysfunction, severity of illness 

scores, and mortality than in other phenotypes of pediatric sepsis (8-10).
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TAMOF is among a spectrum of syndromes associated with disseminated microvascular 

thromboses that include disseminated intravascular coagulopathy (DIC), thrombotic 

thrombocytopenic purpura (TTP), and hemolytic uremic syndrome (HUS) (5, 7). TTP and 

HUS are driven by dysregulated platelets due to the release of ultra-large von Willebrand 

factor (ULVWF) protein clusters by activated endothelium resulting in spontaneous platelet 

aggregation (11-13). A disintegrin and metalloproteinase with a thrombospondin type 1 

motif, member 13 (ADAMTS-13) is a metalloprotease that cleaves ULVWF into smaller 

and less thrombogenic forms (14, 15). Sepsis induces many inflammatory mediators 

that directly inhibit or inactivate ADAMTS-13, and an ADAMTS-13 deficiency results 

in disseminated platelet-/VWF-rich microthrombi that are associated with sepsis-induced 

TAMOF, sometimes in the absence of DIC (16-20). Therapeutic plasma exchange (TPE) has 

become a standard therapy for patients with TTP/HUS because it replaces ADAMTS-13 and 

removes ULVWF and ADAMTS-13 inhibitors (11, 21). TPE has been similarly proposed as 

a biologically plausible treatment in children with TAMOF (11-15).

We created a multicenter TAMOF registry network to perform a prospective observational 

study with the primary objective of evaluating the response of pediatric patients with 

TAMOF with and without the use of TPE. We hypothesized that children meeting 

TAMOF criteria who received TPE would have improved measures of organ dysfunction, 

improvement of biochemical hemostatic markers compared with children receiving no TPE, 

and would have a higher likelihood of severity-adjusted 28-day survival.

METHODS

Study Design

Nine quaternary care PICUs in the United States participated in the TAMOF Network Study 

Group (Supplementary Table 1, Supplemental Digital Content 1, http://links.lww.com/CCM/

E202) led by Emory University/Children’s Healthcare of Atlanta at Egleston. We designed 

a prospective observational cohort study (ClinicalTrials.gov Identifier: NCT00118664) to 

evaluate the clinical course, biochemical profile, and outcome of children meeting criteria 

for TAMOF. Children 1 week to 21 years old were eligible for enrollment if they met the 

following inclusion criteria within 30 hours of screening: 1) new-onset organ failure in at 

least three out of five organ systems defined as an Organ Failure Index score greater than or 

equal to 3 for less than or equal to 30 hours; 2) thrombocytopenia as defined by a platelet 

count less than or equal to 100,000/μL or a minimum 50% decrease in baseline platelet 

count if the baseline platelet count was less than or equal to 100,000/μL; and 3) etiology of 

organ failure was due to systemic infection and shock based on International Pediatric Sepsis 

Consensus Conference definitions (22). Patients were excluded from enrollment if they had: 

1) received TPE within the prior 30 days for any indication; 2) a terminal illness with a life 

expectancy of less than 60 days; or 3) a limitation on care, such as a decision to withdraw 

life-sustaining therapies, or orders to allow natural death. Written informed consent was 

obtained from a parent or legal guardian before study enrollment, and patient enrollment 

occurred before initiation of TPE. Institutional review board approval was obtained at each 

site.
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Clinical Management

Approach to care and determination of TPE use was made at the discretion of the local 

treating physician. TPE was initiated using a standard plasma centrifugation technique with 

citrate as regional anticoagulant. Centers used a standard TPE protocol for TAMOF as 

described elsewhere (23). Briefly, patient plasma volume used was calculated based on a 

weight-based nomogram and patient hematocrit value. An initial (day 1) exchange of 1.5 

times the calculated plasma volume was performed, followed by a single-volume exchange 

on days 2–5 (23). After 5 days, ongoing duration of daily exchanges continued at physician 

discretion. All centers used fresh frozen plasma for TPE.

Clinical Observations and Measurements

Demographic and clinical data were collected, including primary diagnosis resulting in 

TAMOF, vital signs, laboratory values, blood product administration, vasopressor needs, 

PICU and hospital length of stay, need for extracorporeal life support/extracorporeal 

membrane oxygenation (ECMO) and continuous renal replacement therapy (CRRT), and 

28-day mortality. Organ Failure Index, Pediatric Index of Mortality, and Pediatric Logistic 

Organ Dysfunction (PELOD) scores were calculated at the time of study entry and 

consecutively. Platelet counts were obtained consecutively for each patient at the local site. 

Samples were obtained and processed for ADAMTS-13 activity, VWF antigen, and VWF 

ristocetin cofactor assays and analyzed at a single central research laboratory (T.N.).

Outcome Measures

The primary study outcome was longitudinal change in PELOD score in patients with or 

without TPE use. Secondary outcomes included assessment of 28-day all-cause mortality 

after controlling for baseline differences in severity of illness and organ dysfunction. 

Comparative changes in biochemical markers were also evaluated. Outcome was stratified 

by TPE compared with no TPE and by survival.

Study Size and Power Calculation

The study was powered for a mean improvement in PELOD score of 10 points in the TPE 

group and 5 points in the no TPE group. A sample size of 17 patients per group was 

determined to provide 80% power to detect a 5-point treatment difference in PELOD score, 

with an estimated SD for change of 5, using a two-sided two-sample equal variance t test at a 

5% significance level.

Statistical Analysis

Demographic and baseline characteristics of TPE and no TPE groups were compared 

with a two-sample t test for continuous variables. Chi-square test or Fisher exact test for 

proportions was used for categorical variables. Repeated-measures analyses for total PELOD 

score, and change from baseline, and biochemical markers were done with a means model 

(SAS MIXED Procedure version 9.4, mixed linear models; SAS Institute Inc., Cary, NC). 

A compound symmetric variance-covariance form among the repeated measurements was 

assumed for each outcome, and robust estimates of SES of parameters were used to perform 

statistical tests and construct 95% CIs (24). Specific statistical tests were done within 
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the framework of the mixed-effects linear model. All statistical tests were two sided and 

unadjusted for multiple comparisons.

Relative risks (RRs) were calculated to measure degree of association between risk 

factors and mortality by fitting a modified Poisson regression model as described (SAS 

GENMOD Procedure, version 9.4, generalized linear models [25]). Predictors included 

in multivariate analysis were limited to main effects for TPE verses no TPE, baseline 

PELOD, ECMO, and methicillin-resistant Staphylococcus aureus (MRSA) infection. RR 

and 95% CI were calculated for each risk factor in the presence of others in the final 

model. Bootstrap bagging was used to identify stable and reliable predictors of mortality. 

Propensity score modeling was used as a robust approach to reduce the effects of 

covariate confounding (Supplementary Methods, Supplemental Digital Content 1, http://

links.lww.com/CCM/E202).

RESULTS

TAMOF Patient Characteristics

Eighty-one children meeting TAMOF criteria were enrolled in the study between April 2005 

and July 2010: 21 children (26%) received standard care and 60 children (74%) received 

TPE. Demographic characteristics, baseline organ dysfunction, and severity of illness are 

shown in Table 1. Sepsis was the predominant admitting diagnosis (69/81, 85.2%), and 

noted in all patients, with MRSA (8/81, 9.9%) or methicillin-sensitive S. aureus (4/81, 4.9%) 

infection accounting for a substantial portion of bacteremia (12/81, 14.8%), respectively. 

A detailed list of organisms cultured from patients is shown in Supplementary Table 2 

(Supplemental Digital Content 1, http://links.lww.com/CCM/E202).

Change in Organ Dysfunction With and Without TPE

Mean baseline PELOD score for TPE patients was not significantly higher than that for non-

TPE patients (22.5 [95% CI, 19.5–25.5] vs 17.7 [95% CI, 13.7–21.6]; p = 0.05 by repeated-

measures analysis; p = 0.09 by two-sample t test) (Supplementary Table 3, Supplemental 

Digital Content 1, http://links.lww.com/CCM/E202). However, the change from baseline in 

PELOD scores in the two treatment groups differed in temporal pattern during the first week 

on study (p = 0.009, test for interaction between time on study and treatment group) (Fig. 

1; and Supplementary Fig. 1, Supplemental Digital Content 1, http://links.lww.com/CCM/

E202). By day 4, mean PELOD had declined by 7.9 points (95% CI, −10.8 to −5.1; p = 

0.006) with TPE, whereas it did not change in the no TPE group (p = 0.40, test for linear 

trend) (Supplementary Table 4, Supplemental Digital Content 1, http://links.lww.com/CCM/

E202). PELOD decreased over time but did not differ between survivors and nonsurvivors 

for the duration of TPE (Supplementary Fig. 2 and Supplementary Table 5, Supplemental 

Digital Content 1, http://links.lww.com/CCM/E202).

Mortality in TAMOF Patients With and Without TPE

Overall, 28-day all-cause mortality for children receiving TPE was 32% (19/60) and 38% 

(8/21) for children without TPE (p > 0.05). Regarding risk factors for death (Table 2), 

an increase of five points in baseline PELOD score was associated with increased RR of 
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mortality (RR, 1.31; 95% CI, 1.19–1.43; p < 0.001). Use of ECMO (RR, 1.83; 95% CI, 

1.00–3.35; p = 0.05), CRRT (RR, 2.17; 95% CI, 1.04–4.56; p = 0.04), and MRSA infection 

(RR, 2.01; 95% CI, 1.10–3.68; p = 0.02) were associated with an increased RR of mortality. 

Other demographic characteristics and days of TPE treatment were not associated with RR 

of death.

Multivariate analysis was performed with consideration of all univariable characteristics 

associated with the use of TPE (Table 3). Adjusted RR (ARR) of 28-day all-cause mortality 

was lower in TAMOF patients treated with TPE compared with those without TPE (ARR, 

0.45; 95% CI, 0.23–0.90; p = 0.02). Propensity score weighting analysis was performed 

to estimate mortality by accounting for covariates that predicted a higher likelihood of 

receiving TPE using two methods to estimate TPE effect: 1) covariate adjustment using 

the propensity score; and 2) score inverse probability of treatment weights (IPTWs). 

Both models demonstrated a decrease in ARR of mortality in TAMOF patients with TPE 

compared with no TPE (ARR for propensity score, 0.46; 95% CI, 0.22–0.97; p = 0.04; 

and ARR for IPTW, 0.46; 95% CI, 0.22–0.87; p = 0.02) similar to the multivariate logistic 

regression model findings (Table 3). Adequacy of weighting of covariates between TPE- and 

non-TPE–treated TAMOF patients was confirmed (Supplementary Table 6, Supplemental 

Digital Content 1, http://links.lww.com/CCM/E202).

Biochemical Markers in TAMOF Patients With and Without TPE

ADAMTS-13 activity levels were similar at baseline for the two treatment groups (model-

based means, 45.6% and 60.7%, respectively, for TPE and no TPE; p = 0.16). Patients 

with ADAMTS-13 deficiency less than 57% of baseline (23) were more likely to receive 

TPE (20/22, 91%) than those patients without ADAMTS-13 deficiency (9/15, 60%; p = 

0.04). Neither the pattern of change of ADAMTS-13 activity (p = 0.16) nor difference 

between treatment groups over time (p = 0.71) were significantly different (Supplementary 

Fig. 3B, Supplemental Digital Content 1, http://links.lww.com/CCM/E202). However, mean 

ADAMTS-13 levels increased over time in the children receiving TPE (p < 0.001), whereas 

it did not change over time in the children not receiving TPE (p = 0.14, test for linear trend).

Children receiving TPE had significantly decreased VWF antigen levels at baseline and on 

days 1, 4, 8, and 15 compared with children receiving no TPE, but levels did not change over 

the time course compared with baseline levels in either group. Similarly, VWF ristocetin 

cofactor activity was lower at baseline in the TPE group, but no change was seen in this 

marker at baseline or after a week of therapy in either of the groups, either relative to 

baseline or between groups (Supplementary Fig. 3, Supplemental Digital Content 1, http://

links.lww.com/CCM/E202).

In children receiving TPE who survived, mean daily platelet count and ADAMTS-13 

activity significantly increased over time compared with nonsurvivors (p < 0.001). VWF 

antigen and VWF ristocetin cofactor activity did not change over time (Supplementary Fig. 

4, A-D, Supplemental Digital Content 1, http://links.lww.com/CCM/E202).
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Center Differences in Use of TPE

Use of TPE in TAMOF patients and mortality varied considerably (Supplementary Table 7, 

Supplemental Digital Content 1, http://links.lww.com/CCM/E202). Two centers used TPE in 

each TAMOF patient, two centers never used TPE, and the remaining five centers variably 

used TPE for children meeting TAMOF criteria. Median number of days of TPE used was 

5 days (range, 1–14 d). Fifty-one percent of survivors received 5 days (range, 4–6) of TPE, 

whereas only 21% of TPE nonsurvivors (58% of deaths occurring in first 3 d) received that 

range. No difference was seen in the proportion of survivors and nonsurvivors who received 

7–14 days of TPE (Cochran-Armitage test for trend, p = 0.05). No TPE-related serious 

adverse events were reported. Further biochemical results are reported in the Supplementary 

Material (Supplemental Digital Content 1, http://links.lww.com/CCM/E202).

DISCUSSION

In this largest prospective pediatric TAMOF observational cohort published to date, 

physicians tended to select TPE for TAMOF patients who had marginally higher severity 

of organ dysfunction (based on PELOD scores) and those receiving ECMO. Children 

with MRSA-induced sepsis were also more likely to receive TPE, probably reflecting 

the increased organ failure in children with this drug-resistant organism (26-28). Organ 

dysfunction, as measured by change from baseline PELOD score, significantly decreased in 

children receiving TPE. Using both multivariate regression and propensity score weighting, 

use of TPE was also associated with a 55% lower ARR of 28-day mortality compared with 

those not receiving TPE.

TPE could potentially have improved sepsis-induced organ dysfunction by removing 

inflammatory mediators, reducing antifibrinolytic molecules, replenishing anticoagulant 

proteins, and restoring ADAMTS-13 activity to mitigate the complex and interrelated 

dysregulated inflammation, coagulation, and fibrinolytic pathways of sepsis in which where 

traditional targeted biologic therapies have failed (5, 7, 9, 21, 23, 29-35). The most recent 

American Society of Apheresis guidelines give a level C evidence recommendation for 

use of TPE in sepsis-induced multiple organ failure, indicating that TPE may be used on 

an individual basis and acknowledging the need for generation of more evidence (36). 

Choice of TPE for the treatment of TAMOF varied among our nine study centers which 

could reflect assessment of severity of illness, predilection for use, or experience with the 

procedure at individual centers.

Published experience and evidence remain sparse for the efficacy of TPE in sepsis and 

TAMOF. The largest randomized controlled trial (RCT) of TPE, a single-center study of 106 

adult patients with sepsis, demonstrated an absolute mortality risk reduction of 20.5% with 

a number needed to treat of 4.9 in patients receiving TPE (37). A meta-analysis of two TPE 

trials found a RR of mortality of 0.63 (95% CI, 0.42–0.96; p = 0.03) for TPE compared with 

control treatment (38). Three preliminary pediatric proof-of-concept studies have evaluated 

use of TPE for children meeting TAMOF criteria (23, 34, 39). A 10-patient pilot RCT 

demonstrated that TPE was associated with reduced organ dysfunction and mortality in 

children receiving TPE compared with those on no TPE (23). In a small retrospective 

TAMOF network cohort analysis, “not” receiving TPE was associated with an increased 
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adjusted odds ratio of mortality of 1.81 (95% CI, 0.02–16.29; p = 0.048) (34). Use of TPE 

in children with TAMOF and secondary hemophagocytic lymphohistiocytosis/macrophage 

activation syndrome was also associated with improved survival (39). The current network 

findings add additional support for potential efficacy of TPE to reduce organ dysfunction 

and mortality in TAMOF.

Response to TPE was noted by a significant decline in PELOD score by day 4 of treatment 

compared with baseline. Biochemical findings in this cohort of TAMOF patients were 

consistent with previous pediatric TAMOF studies (23, 40). In the current study, TAMOF 

phenotypic findings, including organ failures and thrombocytopenia, correlated with reduced 

ADAMTS-13 levels. In addition, our study showed that ADAMTS-13 was lower in TAMOF 

nonsurvivors and that ADAMTS-13 levels improved over the course of TPE in TAMOF 

although not significantly increasing in patients not being treated with TPE. More detailed 

interpretation of biochemical markers is limited by lack of samples for a number of patients, 

and future studies should focus more directly on marker use to help identify TAMOF 

patients more likely to benefit from TPE.

This study has several limitations. First, the current definition of TAMOF represents a 

clinical phenotype. Although rapid determination of ADAMTS-13 activity does not exist for 

real-time categorization, low levels of ADAMTS-13 activity were subsequently correlated 

with the TAMOF phenotype. Second, there was an apparent selection bias to use TPE in 

TAMOF patients with greater organ dysfunction, as also demonstrated by a predilection for 

greater TPE use in patients with documented ADAMTS-13 deficiency. However, despite 

the tendency to use TPE in children with greater severity of illness or interventions before 

initiation of TPE, mortality was not increased in TPE patients, and in fact, risk-adjusted 

mortality was lower in TPE patients. Third, although the network’s implicit intent was to 

observe for balanced choice of TPE or standard therapy alone, a tendency toward increased 

use of TPE occurred at most centers, leading to an imbalance in the number of patients not 

receiving TPE, and in TPE usage between sites, which could have confounded the positive 

effect of TPE. Because of the relatively small patient numbers, forcing site identification 

into our regression model was not possible without creating issues of overfitting. Fourth, 

although no severe adverse events were noted, the study was not large enough to definitively 

define safety, nor was cost data obtained to perform cost-benefit analysis. Finally, patients in 

this study were enrolled approximately 8–13 years before publication. However, this largest 

reported prospective cohort to date retains the potential to add significantly to published 

pediatric TAMOF/TPE experience, which remains limited.

The study was not large enough to identify a threshold of organ failure at which TPE 

could provide benefit in TAMOF. Future trial design may benefit from use of a stratification 

strategy, such as that proposed by Pediatric Sepsis Biomarker Risk Model (PERSEVERE) 

II investigators, with use of a biomarker panel to predict mortality risk and response (10). 

Finally, although patients were screened for meeting TAMOF criteria, patients who met 

TAMOF criteria but were not enrolled in the study were not documented at each study 

center.
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CONCLUSIONS

In this prospective, multicenter observational cohort of children with sepsis-associated 

TAMOF, TPE use was associated with improved organ dysfunction. When adjusted for 

severity of illness, TPE use was associated with a decrease in 28-day all-cause mortality 

relative to no TPE. Further studies, including well-designed trials stratified for risk of 

survival, focusing on biochemical marker assessment, and using a broader network of 

sites with equipoise, could better define the role and cost-effectiveness of TPE in TAMOF 

patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The mean change from baseline in Pediatric Logistic Organ Dysfunction (PELOD) score 

by treatment group (60 therapeutic plasma exchange [TPE]-treated thrombocytopenia-

associated multiple organ failure [TAMOF] patients and 21 standard therapy–treated 

TAMOF patients). Time trend lines are the model-based means and 95% CIs. The vertical 
bars are the 95% CIs. Change from baseline in PELOD scores in the two treatment groups 

differed in temporal pattern during the first week on study (p = 0.009, test for interaction 

between time on study and treatment group). By day 4, the mean PELOD had declined by 

7.9 points (95% CI, −10.8 to −5.1) in the TPE-treated group, but the mean PELOD score did 

not change over time in the no TPE group (p = 0.40, test for linear trend).
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