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Abstract

Transplantation-associated thrombotic microangiopathy (TA-TMA) is an increasingly recognized 

complication of hematopoietic cell transplantation (HCT) associated with significant morbidity 

and mortality. However, TA-TMA is a clinical diagnosis, and multiple criteria have been proposed 

without universal application. Although some patients have a self-resolving disease, others 

progress to multiorgan failure and/or death. Poor prognostic features also are not uniformly 

accepted. The lack of harmonization of diagnostic and prognostic markers has precluded multi-

institutional studies to better understand incidence and outcomes. Even current interventional trials 

use different criteria, making it challenging to interpret the data. To address this urgent need, 

the American Society for Transplantation and Cellular Therapy, Center for International Bone 

Marrow Transplant Research, Asia-Pacific Blood and Marrow Transplantation, and European 

Society for Blood and Marrow Transplantation nominated representatives for an expert panel 

tasked with reaching consensus on diagnostic and prognostic criteria. The panel reviewed 

literature, generated consensus statements regarding diagnostic and prognostic features of TA-

TMA using the Delphi method, and identified future directions of investigation. Consensus 

was reached on 4 key concepts: (1) TA-TMA can be diagnosed using clinical and laboratory 

criteria or tissue biopsy of kidney or gastrointestinal tissue; however, biopsy is not required; 

(2) consensus diagnostic criteria are proposed using the modified Jodele criteria with additional 

definitions of anemia and thrombocytopenia. TA-TMA is diagnosed when ≥4 of the following 

7 features occur twice within 14 days: anemia, defined as failure to achieve transfusion 

independence despite neutrophil engraftment; hemoglobin decline by ≥1 g/dL or new-onset 

transfusion dependence; thrombocytopenia, defined as failure to achieve platelet engraftment, 

higher-than-expected transfusion needs, refractory to platelet transfusions, or ≥50% reduction in 

baseline platelet count after full platelet engraftment; lactate dehydrogenase (LDH) exceeding 

the upper limit of normal (ULN); schistocytes; hypertension; soluble C5b-9 (sC5b-9) exceeding 

the ULN; and proteinuria (≥1 mg/mg random urine protein-to-creatinine ratio [rUPCR]); (3) 

patients with any of the following features are at increased risk of nonrelapse mortality and 

should be stratified as high-risk TA-TMA: elevated sC5b-9, LDH ≥2 times the ULN, rUPCR ≥1 

mg/mg, multiorgan dysfunction, concurrent grade II-IV acute graft-versus-host disease (GVHD), 

or infection (bacterial or viral); and (4) all allogeneic and pediatric autologous HCT recipients 

with neuroblastoma should be screened weekly for TA-TMA during the first 100 days post-HCT. 

Patients diagnosed with TA-TMA should be risk-stratified, and those with high-risk disease should 
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be offered participation in a clinical trial for TA-TMA-directed therapy if available. We propose 

that these criteria and risk stratification features be used in data registries, prospective studies, and 

clinical practice across international settings. This harmonization will facilitate the investigation of 

TA-TMA across populations diverse in race, ethnicity, age, disease indications, and transplantation 

characteristics. As these criteria are widely used, we expect continued refinement as necessary. 

Efforts to identify more specific diagnostic and prognostic biomarkers are a top priority of 

the field. Finally, an investigation of the impact of TA-TMA-directed treatment, particularly in 

the setting of concurrent highly morbid complications, such as steroid-refractory GVHD and 

infection, is critically needed.

Keywords

Transplantation-associated; thrombotic microangiopathy; Risk stratification; Diagnostic criteria; 
Complement; Nonrelapse mortality

INTRODUCTION

Transplantation-associated thrombocytic microangiography (TA-TMA) is thought to be 

a disease of microvascular endothelial dysfunction and complement activation that 

can develop after a variety of insults, including inherent predisposition (endothelial 

dysfunction and complement genetic alterations), toxicity from the hematopoietic 

cell transplantation (HCT) preparative regimen or graft-versus-host disease (GVHD) 

prophylaxis, and complications such as GVHD itself and infection.1–5 These insults result 

in a proinflammatory, prothrombotic, and proapoptotic milieu in the microvasculature and 

formation of thrombosis, possibly leading to organ dysfunction. Renal insufficiency and/or 

failure is the most common organ manifestation of TA-TMA; however, the systemic nature 

of the pathophysiology can lead to the involvement of other organs, including the central 

nervous system, lungs, and gastrointestinal (GI) system. Clinical manifestations include 

refractory hypertension, posterior reversible encephalopathy syndrome, seizures, altered 

mental status, pulmonary hypertension, diffuse alveolar hemorrhage, abdominal pain, GI 

ischemia and bleeding, and serositis, including pericardial and/or pleural effusions.1,4,5

Although a renal biopsy allows for the definitive diagnosis of TA-TMA, this is rarely 

obtained in the post-HCT setting.6–8 Furthermore, the kidneys are not always impacted 

by TA-TMA. Histology of other organs impacted by TA-TMA are described and include 

the intestines9–12, brain13, lungs14,15, skin13, liver13, and testes.16 Regardless of organ 

involvement, all share similar vascular and endothelial changes seen on renal biopsies. In 

addition to vascular changes, multiple studies including children and adults and in centers 

worldwide describe gut histologic changes of intestinal TMA9–12.However, tissue diagnosis 

of TA-TMA in an organ other than the kidneys is not universal.

To date, there are no specific diagnostic biomarkers or biomarker panels for TA-TMA. 

Thus, TA-TMA is primarily a clinical diagnosis comprising nonspecific laboratory and 

clinical manifestations.17–21 Multiple criteria have been proposed, all of which include 

cardinal features of microangiopathy: anemia, thrombocytopenia, and evidence of RBC 

destruction. However, markers of RBC destruction vary by criteria; some require elevated 
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lactate dehydrogenase (LDH) versus the presence of schistocytes, whereas others require 

organ dysfunction, inherently capturing more severe illness. Moreover, the various criteria 

include different numbers of features and differ in the required time frame when these 

features must appear. All diagnostic criteria rely on nonspecific features that (1) can be 

expected in the post-HCT setting (eg, anemia, thrombocytopenia), (2) can be attributed to 

medication side effects (eg, hypertension in patients on calcineurin inhibitors), or (3) can be 

attributed to concurrent comorbidities (eg, proteinuria in patients with hemorrhagic cystitis). 

These challenges have contributed to the lack of harmonization of the diagnostic criteria 

used for this disease.

In the absence of consensus for diagnostic criteria, the true incidence of TA-TMA is poorly 

defined, with the reported incidence ranging from .8% to 36%.7,22–24 Registry studies, 

including those from the Center for International Blood and Marrow Transplant Research 

and the European Society for Blood and Marrow Transplantation, typically rich resources 

for outcome studies in the HCT field, are inconclusive for investigating TA-TMA because 

of differences in the type of data collected from sites and likely underreporting from 

institutions who have differences in screening practices. Ongoing randomized controlled 

trials for novel interventions for GVHD in the HCT setting are not uniformly collecting 

information about TA-TMA. Even when data are collected, they are difficult to cross-

reference or interpret given the different criteria used among institutions, and thus these 

sources cannot be used for secondary analysis.

Regardless of the diagnostic criteria used, multiple studies have demonstrated that 

nonrelapse mortality (NRM) is significantly higher in patients with TA-TMA compared to 

those without TA-TMA. Although some patients will have a self-remitting course, more than 

one-half of patients will progress to multiorgan dysfunction, with mortality rates typically 

exceeding 50% at 1 year post-HCT.1,25–27 TA-TMA is also associated with significant 

morbidity and healthcare utilization, including prolonged hospital stays, intensive care unit 

admissions, chronic kidney disease, and, among children with neuroblastoma, delays in the 

next phases of therapy.23,28,29

Typically an early complication of HCT, TA-TMA is diagnosed at a median of 22 

to 100 days post-HCT.18,27 Risk factors for TA-TMA include second allogeneic HCT, 

tandem autologous HCT for neuroblastoma, medications, HCT indication, grade II-IV 

acute GVHD, bacterial and viral infections, myeloablative preparative regimens, and older 

transplant recipient age.30–34 Although many of the risk factors for developing TA-TMA 

confer increased NRM independently (eg grade II-IV acute GVHD), multiple studies have 

demonstrated that even after adjusting for these comorbidities, TA-TMA remains associated 

with increased NRM.19,35

Identifying patients with TA-TMA who are at the greatest risk for organ dysfunction 

and/or death and who will most benefit from TA-TMA-directed therapy is critical. Risk 

stratification facilitates treatment in those with high-risk diseases while sparing the potential 

toxicity and cost of therapy in those who may have a self-remitting course. However, 

these approaches also vary. There are 6 ongoing or recently completed interventional trials 

for TA-TMA (ClinicalTrials.gov identifiers NCT05148299, NCT04557735, NCT04247906, 
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NCT04543591, NCT04784455, and NCT02222545), using 6 different eligibility criteria. 

Thus, there is a critical need for harmonization of definitions for diagnosis and risk 

stratification of TA-TMA.

The purpose of this panel was to propose consensus diagnostic and prognostic criteria for 

TA-TMA. Additionally, we identified knowledge gaps in the field and proposed a road-map 

for future directions. Outside of enrolling patients in TA-TMA-directed clinical trials when 

indicated and available, treatment was not discussed in this panel.

SUMMARY OF CONSENSUS KEY POINTS

1. TA-TMA is associated with significant mortality, particularly once multiorgan 

dysfunction has occurred, which is difficult to reverse. Thus, identifying patients 

early in the clinical course is critical.

2. Universal application of diagnostic criteria and risk stratification will allow for 

a better understanding of the incidence, risk factors, and outcomes and allow 

interpretation of the impact of TA-TMA-directed therapy. This is particularly 

critical with the advent of different therapeutic approaches under investigation in 

clinical trials.

3. TA-TMA can be diagnosed by renal biopsy, by intestinal biopsy, or clinically 

using the modified Jodele criteria. These criteria do not rely on the presence of 

organ dysfunction or on a single diagnostic criterion; this flexibility facilitates an 

earlier diagnosis. Limitations to the Jodele criteria include that they have been 

applied primarily to pediatric and young adult cohorts and include measurement 

of soluble C5b-9 (sC5b-9), a test that is not widely available. Nonetheless, the 

Jodele criteria have been validated in a prospective multi-institutional study. We 

have added definitions for anemia and thrombocytopenia to reduce ambiguity 

and facilitate standardized reporting. Harmonized reporting to registries should 

facilitate the potential future refinement of criteria as necessary.

4. Features associated with increased risk of NRM among those with TA-TMA 

should be classified as high-risk. The harmonization panel proposes that patients 

with any poor prognostic feature be stratified as high-risk TA-TMA. Poor 

prognostic features include elevated sC5b-9 (≥ upper limit of normal [ULN]), 

random urine protein-to-creatinine ratio (rUPCR) ≥1 mg/mg, organ dysfunction 

(as defined in Table 4), LDH ≥2 times the ULN, concurrent grade II-IV acute 

GVHD, or concurrent infections (bacterial or viral). In the absence of these 

features, TA-TMA is considered standard risk. Patients with high-risk TA-TMA 

should be enrolled in available clinical trials to determine the safety and efficacy 

of TA-TMA-directed therapy. Standard-risk patients can be observed closely.

5. Continued efforts to identify more specific diagnostic and prognostic biomarkers 

of TA-TMA are a top priority in the field.

6. All allogeneic HCT recipients and children undergoing autologous HCT for 

neuroblastoma should be regularly screened for TA-TMA until day 100 post-
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transplantation and thereafter in the presence of comorbidities, particularly 

GVHD and infections.

7. Further investigation is needed to understand the impact of TA-TMA-directed 

treatment on organ function and survival, particularly in the setting of other 

highly comorbid complications, such as GVHD and infection.

METHODS

The American Society for Transplantation and Cellular Therapy, Center for International 

Blood and Marrow Transplant Research, Asia-Pacific Blood and Marrow Transplantation, 

and European Society for Blood and Marrow Transplantation convened a Steering 

Committee to address challenging issues in HCT for which definitions vary or are unclear. 

Each society nominated 2 experts to form a TA-TMA Harmonization of Definitions Panel. 

Panel members included co-authors M.L.S., E.C., B.C., C.D., V.H., S.J., I.M., A.S., and V. S. 

The Steering Committee members included Y.A., B.E.S., P.A.C., J.K., N.K., P.L., U.P., R.S., 

A.S., and A.W. I.S.O. served as the project manager.

Panel members performed a literature search with a particular focus on articles from 2000 

to 2022 to capture all currently reported TA-TMA diagnostic criteria and features associated 

with increased NRM. Peer-reviewed articles including ≥10 patients with TA-TMA and 

prognostic features reported in ≥2 articles were discussed within the panel. Diagnostic 

and prognostic criteria were evaluated with an emphasis on prospective validation and 

multicenter investigations.

After reviewing, summarizing, and presenting the literature, panel members used a modified 

Delphi method to facilitate the establishment of a consensus. This method is a group 

consensus strategy that systematically uses a literature review, the opinion of stakeholders, 

and the judgment of experts within a field to reach an agreement. Panel members voted on a 

statement with the following options for each diagnostic and prognostic criterion: (a) agree 

with the statement as written; (b) disagree with the statement, insufficient evidence; or (c) 

the statement should be refined. The statements were modified based on these discussions 

and then sent to the panel for members to respond anonymously. Each statement was scored 

using the Likert scale to specify the level of agreement in 5 points: 1, strongly disagree; 

2, disagree; 3, neither agree nor disagree; 4, agree; and 5, strongly agree. Consensus was 

defined as 70% of members responding with 4 or 5 for a given statement. For questions 

that did not achieve consensus, further discussion and refinement of statements were done 

until consensus was achieved. Consensus was ultimately achieved on all statements. The 

panel periodically presented their findings to the Steering Committee, with revisions made 

throughout the process based on Steering Committee feedback.

The strength of the evidence supporting the consensus statement was assigned a category 

of evidence as defined as follows: category 1, high level of evidence such as randomized 

controlled trials with uniform consensus;, category 2A, lower level of evidence with uniform 

consensus; category 2B, lower level of evidence without a uniform consensus but with no 

major disagreement; and category 3, any level of evidence but with major disagreement.36 
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Meetings began in September 2021. An initial draft was proposed to the Harmonization 

Committee on April 24, 2022, and underwent 6 revisions.

DIAGNOSTIC TA-TMA CRITERIA

Current Knowledge

Currently, TA-TMA is primarily a clinical diagnosis. The Harmonization Panel considered 

the following proposed TA-TMA diagnostic criteria: City of Hope, Cho, Bone Marrow 

Transplant Clinical Trial Network (BMT CTN), Li, International Working Group (IWG), 

and Jodele (Table 1). To determine which diagnostic criteria should be used in the 

future, the panel prioritized diagnostic criteria that facilitate early identification of TA-

TMA. Discussions centered on specific required criterion, including schistocytes, organ 

dysfunction, Coombs test, and timing of laboratory and clinical criteria.

Schistocytes as a diagnostic criterion—Of the 5 established criteria reviewed, the 

Cho, IWG, and BMT-CTN criteria require the presence of schistocytes to make a diagnosis 

of TA-TMA. However, there is significant interinstitutional and intrainstitutional variability 

in the reporting of schistocytes.37 While there are recommendations by the International 

Committee for Standardization in Hematology for evaluating schistocytes, these are derived 

from a healthy cohort and are not implemented widely in clinical laboratory testing.38 The 

range of expected schistocytes in the HCT setting are unknown. In some cases, schistocytes 

may be reduced in the circulation due to extravasation, and tissue diagnoses of TA-TMA 

have been reported in the absence of schistocytes.39 Although the presence of schistocytes 

is greatly supportive of the diagnosis, based on these data, the panel decided that it should 

not be mandated. Thus, these criteria were excluded. The only proposed criteria that do not 

mandate schistocytes are the Li and Jodele criteria.

Organ dysfunction as a diagnostic criterion—The BMT-CTN and Li criteria also 

require either renal and/or neurologic dysfunction. Although these features have prognostic 

implications, organ dysfunction may be later manifestations of the disease, and their 

inclusion may impede early diagnosis.

Negative Coombs test as a diagnostic criterion—The Cho and BMT-CTN criteria 

require a negative Coombs test as a diagnostic feature. Although TA-TMA is not an 

antibody-mediated disease, it is possible that patients can have concurrent positive Coombs 

tests for other reasons, such as i.v. immunoglobulin administration or ABO incompatibility. 

Although TA-TMA needs to be considered very carefully in the setting of a positive Coombs 

test, this alone should not definitively rule out TA-TMA.

Timing of diagnostic criterion—The Cho, BMT-CTN, IWG, City of Hope, and Li 

criteria require that all features be present simultaneously to diagnose TA-TMA. However, 

there is evidence that TA-TMA features develop over time, with some features lagging by 

4 weeks. The Jodele criteria allow for a 14-day period to meet the criteria18; thus, we 

considered these criteria in more detail.
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Jodele criteria—The Jodele criteria require the presence of ≥ 4 of 7 features at 2 

different time points within 14 days: anemia, thrombocytopenia, elevated LDH, schistocytes, 

hypertension (blood pressure ≥140/90 mmHg in patients age ≥18 years or ≥99th percentile 

in those age <18 years), sC5b-9 ≥ ULN, and rUPCR≥1 mg/mg.6 No single criterion is 

deemed essential or critical for a diagnosis, and there is inherent flexibility in allowing 

patients to have 4 different features. Furthermore, these criteria have been used prospectively 

and in a multicenter setting.23 Because patients can be anemic and thrombocytopenic for up 

to 100 days post-HCT, we needed to clarify the definitions of anemia and thrombocytopenia 

in the TA-TMA diagnostic criteria. The proposed consensus diagnostic criteria from the 

Harmonization Panel are listed in Table 3.

Of note, the Jodele diagnostic criteria allow for proteinuria detected on random urinalysis or 

rUPCR. Because urinalysis can be falsely positive in the presence of hematuria, mucus, or 

dilute or concentrated urine—all of which possible in the post-HCT setting—the consensus 

was to use rUPCR only for diagnostic criteria.40 In addition, there are some reports using ≥ 

5 of 7 criteria; however, requiring 5 or more features was intended to identify a severe 

phenotype, not for use in diagnosis.41 Without objective, specific diagnostic markers, 

patients may be overidentified or underidentified. The Jodele criteria allow for earlier 

identification of patients and likely capture more patients than the other criteria24,42; thus, 

risk stratification is key to determining whether treatment is indicated.

Additional research is needed to support a diagnosis of TA-TMA in the absence of clinical 

criteria in organs other than the kidney and intestines. A limitation of the Jodele criteria is 

that they have been applied primarily in pediatric and young adult cohorts. Harmonization 

and widespread application of these criteria in diverse cohorts will allow any needed 

modification over time.

Gaps in Knowledge and Future Directions

Based on the proposed pathophysiology of the disease, some candidate diagnostic 

biomarkers have been tested in TA-TMA (Figure 1). Suppression of tumorgenicity 2 (ST2) 

is a marker of endothelial damage, and elevations are associated with the severity of GVHD 

and NRM.43,44 Some studies have suggested that ST2 is also elevated in TA-TMA.45 

Because TA-TMA often co-occurs with GVHD, further investigation is needed to determine 

the diagnostic utility of ST2.

Neutrophil extracellular traps (NETs), measured indirectly as double-stranded DNA 

(dsDNA), are known to activate complement and to be a driver of TA-TMA.46,47 Although 

elevated dsDNA levels early in the course of HCT (day 0 and day 7) predict the later 

development of TA-TMA, there is no compelling evidence supporting the diagnostic utility 

of this biomarker at this time.

Improved understanding of the drivers of TA-TMA may reveal additional candidate 

diagnostic markers. Outside of patient-derived serum on cultured endothelial cells on a 

plate, there are no in vitro models of TA-TMA or any animal models for interrogating 

pathophysiology or biomarkers.48 However, there are models of other complement-mediated 

TMAs that could be leveraged to further understand TA-TMA.49,50 The combination of the 
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development of such in vitro models and large in vivo studies would help identify specific 

biomarkers of disease. This has been identified as an urgent need and high priority to move 

this field forward. In addition to blood markers, biomarkers in additional fluids (eg, urine) 

and noninvasive diagnostic imaging markers of disease can be explored.

Until the development of sensitive and specific laboratory biomarkers, TA-TMA will 

remain a diagnosis made primarily using laboratory and clinical criteria. Reliance on 

clinical criteria has inherent limitations as noted in other disease (eg, hemophagocytic 

lymphohistiocytosis, sinusoidal obstructive syndrome, engraftment syndrome), however the 

limitations of nonspecific criteria are amplified in HCT because there may be multiple 

concurrent potential non-TMA etiologies for laboratory abnormalities and clinical features. 

Furthermore, many of these HCT complications, such as steroid-refractory GVHD and 

sinusoidal obstruction syndrome, have shared features of endothelial injury. Given the 

spectrum of endothelial injury post-HCT51–53, it can be difficult to appropriately identify 

patients with TA-TMA, particularly early in its course.24,54 This is highlighted by 

discrepancies in autopsy data demonstrating histologic findings of TA-TMA in patients who 

were not diagnosed clinically.13 The panel summarized clinical, laboratory, and imaging 

findings that are often present in patients in whom TA-TMA is being considered, along with 

the diagnostic considerations associated with these findings (Table 2).

Although a previous consensus group recommended using the Jodele criteria for the 

diagnosis of TA-TMA55, this has not been widely adopted, and institutions continue to 

use different diagnostic criteria in clinical practice. Herein we identify some barriers that 

have prevented the widespread adoption of these criteria and propose approaches to address 

them. First, application of the Jodele criteria has been well described in children and young 

adults but not yet in older adult cohorts. 56,57 Large studies in patients of diverse age, race, 

ethnicity, and underlying HCT indication are needed to determine whether these differences 

impact the application of criteria in older adults. sC5b-9, a marker of terminal complement 

activation, is a nonspecific finding, and elevations are noted in other diseases.58,59 sC5b-9 

testing is not widely available, which can lead to delayed results; moreover, if the sample 

is not processed appropriately, complement activation can continue in the tube, resulting in 

inaccurate results. As such, for the Jodele criteria to become widely applicable, it is crucial 

that the sC5b-9 test become more widely available, especially because sC5b-9 is also an 

important prognostic marker in this disease.

PROGNOSTIC FEATURES OF TA-TMA

Current Knowledge

Significant advances in identifying poor prognostic factors have been made, particularly 

in pediatric cohorts. After reviewing the literature in both pediatric and adult cohorts, the 

panel identified the following features associated with increased NRM in TA-TMA patients: 

LDH ≥2 times the ULN for age, elevated sC5b-9 (>ULN), proteinuria (rUPCR ≥1 mg/mg), 

multiorgan dysfunction, concurrent grade II-IV acute GVHD, and concurrent infections. The 

Harmonization Panel proposes that patients with any of these poor prognostic features be 

stratified as high-risk TA-TMA. In the absence of these features, TA-TMA is considered 
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standard risk (Table 4). TA-TMA-directed interventions should be considered in patients 

with high-risk TA-TMA, ideally in the setting of clinical trials.

Elevated sC5b-9—In a prospective study of children by Jodele et al.18, sC5b-9 exceeding 

the upper limit of laboratory normal range at the time of clinical diagnosis of TA-TMA was 

associated with an increased risk of NRM, particularly when combined with proteinuria. 

Elevated sC5b-9 level and its association with NRM were subsequently demonstrated in 

another cohort, although another group failed to demonstrate this association.60 In adults, the 

sC5b-9 cutoff for prognosis is unknown, although one study suggested ≥300 mg/dL.26

Proteinuria—Proteinuria, defined as rUPCR ≥1 mg/mg measured on 2 occasions, is an 

early sign of renal endothelial injury and dysfunction. Proteinuria was associated with 

increased NRM in children and young adults with TA-TMA in 2 studies, particularly when 

sC5b-9 was also elevated.18,24,29 In 2 studies of adults, proteinuria on day 100 post-HCT 

has been associated with an increased risk of NRM, but TA-TMA was not screened for or 

reported in these studies61,62, and thus whether proteinuria is a poor prognostic factor in 

older adults with TA-TMA remains unclear.

Evidence of microangiopathy—LDH is an enzyme found in nearly all living cells, and 

elevated levels are nonspecific but typically indicate cell or tissue damage. Multiple studies 

have demonstrated that an elevated LDH, from ≥2 times the ULN in both children and 

adults with TA-TMA, is associated with increased NRM24,63,64, although one study could 

not confirm this finding.18 The ratio of LDH divided by the platelet count, or the so-called 

“TTP index,” has also been reported as a prognostic marker for TA-TMA.65 Schistocytes 

≥4.9% are part of a scoring system that identifies TA-TMA patients with increased NRM.65 

Schistocytes ≥8 HPF in a univariate analysis also was associated with NRM in a univariate 

analysis, although it was not associated with mortality in a multivariate analysis.17 Given the 

previously described limitations of schistocytes, the panel proposed using LDH >2 times the 

ULN for risk stratification.

Organ dysfunction—Acute kidney injury (AKI) is not necessary for the diagnosis of 

TA-TMA, but its presence is associated with increased NRM in children and adults.17,24 

Although different definitions of AKI were used in these studies, the panel proposed 

defining AKI as one of the following: an increase in serum creatinine ≥2 times over baseline 

prior to HCT conditioning or a 50% decline in the estimated or measured glomerular 

filtration rate using either serum creatinine or cystatin C. TA-TMA with GI bleeding also 

has been associated with increased NRM in multiple pediatric and adult studies.41,66,67 

Poor outcomes of TA-TMA in the setting of neurologic6, pulmonary26, and hepatic67 

dysfunction also have been reported, although the data are less robust, perhaps because these 

clinical syndromes are rare or underappreciated. Jodele et al.41 proposed a risk stratification 

incorporating high-risk definitions of organ dysfunction involving the renal, pulmonary, 

cardiovascular, central nervous, and GI systems as well as serositis (Table 5) and have 

demonstrated decreased survival in these patients.

Concurrent comorbidities—TA-TMA, acute GVHD, and infections are all risk factors 

for mortality post-HCT when adjusted for one another and for other comorbidities.19,24,54 
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However, multiple studies have demonstrated that among patients with TA-TMA, the 

co-occurrence of acute GVHD is associated with an increased risk of NRM.6,26,68,69 

Concurrent viral and bacterial infections also are associated with increased NRM in patients 

with TA-TMA.22,24,70

Endothelial activation—The endothelial activation and stress index (EASIX) score, 

calculated as [LDH × creatinine]/platelet count on day 0, is associated with poor overall 

survival in HCT.71 Although a high EASIX score on day 0 is associated with the later 

development of TA-TMA in adults, it was not associated with increased NRM among 

patients with TA-TMA.71,72 The EASIX score likely is not specific to TA-TMA but is rather 

a reflection of cellular damage and comorbidities. It may be less predictive in pediatric 

patients, given the nonlinear relationship between EASIX score and age.71 Other markers 

of endothelial dysfunction, including thrombomodulin73, ANG-226, circulating endothelial 

cells74, and von Willebrand factor73, have been associated with prognosis in single-center 

studies but need to be confirmed in other cohorts.

Older age—Older HCT recipient age is associated with increased NRM among patients 

with TA-TMA compared to those without TA-TMA, although no explicit age cutoff has 

been identified. Some studies have demonstrated differences in NRM between patients age 

≥18 years and those age <18 years27, between patients age ≥50 years and those age <50 

years31, and other studies have demonstrated increasing hazard ratio by year or decade of 

age.54,70

Drug-induced TA-TMA—The combination of sirolimus and a calcineurin inhibitor 

(cyclosporine or tacrolimus) is a known risk factor for developing TA-TMA.75 In the 

absence of other risk factors, drug-induced TA-TMA has a good prognosis.20,54,76

Patients with high-risk TA-TMA should be offered TA-TMA-directed therapy, preferably 

enrolled in a clinical trial. Patients with standard risk TA-TMA can be observed closely.

Gaps in Knowledge and Future Directions

As with the diagnostic criteria, high-risk features of TA-TMA are not specific. Early markers 

or features that predict NRM in patients with TA-TMA before the development of organ 

dysfunction are needed. Genetic predisposition for severe disease has been explored. In 

2 studies, variants of complement genes were associated with severe disease; however, 

these were small cohorts and included variants of unknown significance.2,3 Additional large 

studies are needed to determine whether recipient or donor genetic variations increase the 

risk of developing TA-TMA or are associated with severe disease. Like the diagnostic 

criteria, if the mechanisms and drivers of TA-TMA are better understood, these may have 

prognostic implications.

The studies summarized above are single-center retrospective studies enriched with pediatric 

patients, and many used differing diagnostic criteria. In addition to the limitations of sC5b-9 

summarized above, the expected ranges of sC5b-9 in the inflammatory milieu of HCT 

are unknown, and there are limited data regarding the appropriate cutoffs for prognosis in 

adults. Adult patients are expected to have more baseline comorbidities, such as chronic 
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kidney disease, diabetes, and hypertension, prior to HCT that increase the risk of baseline 

proteinuria.56,57 Whether or how this impacts TA-TMA prognostic criteria is unknown. 

Using harmonized prognostic criteria, large prospective pragmatic multi-institutional efforts 

are needed to confirm the poor prognostic features currently described. Such studies should 

overcome many of these limitations.

NRM in TA-TMA is multifactorial, and more investigation is needed to understand the 

links between TA-TMA and concurrent highly morbid complications. Serum from patients 

with acute GVHD induces endothelial damage in in vitro models77, and there is emerging 

evidence of endothelial activation and damage in acute GVHD45,78 Some common post-

HCT infections also are known to invade the endothelium and result in damage, including 

cytomegalovirus, BK virus, and Candida79. Additional studies are needed to understand the 

mechanistic overlap of these diseases. Achieving consensus on high-risk patients who merit 

TA-TMA-directed therapy is the first step to designing clinical trials and understanding the 

impact of TA-TMA-directed therapy on organ function and survival, particularly in patients 

with multiple comorbidities.

PROSPECTIVE SCREENING FOR TA-TMA

Current Knowledge

The diagnosis of TA-TMA requires vigilance and a high index of suspicion from clinicians. 

There is a general consensus that TA-TMA is often underdiagnosed.24,54 To improve early 

recognition and diagnosis, there is sufficient rationale to support prospective screening 

for TMA in allogeneic HCT recipients and pediatric autologous HCT recipients with 

an underlying diagnosis of neuroblastoma.23,32 TA-TMA typically occurs early in the 

post-HCT period, before day 100, and later diagnoses often are associated with GVHD 

and infections.31 Thus, we propose that patients be routinely screened in the first 100 

days post-HCT, with a low threshold for screening beyond this time point when patients 

have laboratory features of TA-TMA and concurrent complications. Standard screening 

should include at least weekly complete blood count, LDH, rUPCR, and blood smears for 

schistocytes. These are nonspecific laboratory markers; however, when they persist without 

other explanations and occur simultaneously, TA-TMA should be strongly considered, 

and if ≥3 of 6 screening features are positive (anemia, thrombocytopenia, elevated LDH, 

schistocytes, refractory hypertension, or proteinuria), additional laboratory workup should 

be pursued (Figure 2). Patients who meet diagnostic criteria for TA-TMA should then be 

risk-stratified. Triggers of TA-TMA, such as GVHD and infections, should be aggressively 

managed. TA-TMA-directed therapy should be considered in patients with high-risk disease, 

preferably via enrollment in a clinical trial if available. Patients who do not have high-risk 

disease should continue to be monitored closely with weekly serial urine and complement 

testing. Figure 1

Gaps in Knowledge and Future Directions

Routine screening is not yet incorporated universally in all institutions. LDH and rUPCR 

might not be done routinely at all centers, but they are readily available, low-cost tests 

necessary to assess for TA-TMA. In the absence of screening, TA-TMA is usually diagnosed 
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at later stages of the disease, resulting in significant morbidity. Furthermore, implementing 

standard screening is vital to understand the true incidence of disease, define the phenotypic 

spectrum, and further identify prognostic criteria—all of which are key to moving the field 

forward. Although sC5b-9 is costly and not widely available, it is recommended for risk 

stratification only in patients who meet the criteria for TA-TMA. In pediatric cohorts who 

are prospectively screened, the incidence of TA-TMA is ~20% to 30% using the Jodele 

criteria.18,23 Assuming similar findings in other cohorts, the access and cost implications of 

implementing widespread screening for TA-TMA and sending sC5b-9 more frequently are 

unknown and need to be explored.

If a patient meets the criteria, additional testing should be sent for risk stratification. Patients 

with high-risk features should be offered TA-TMA-directed therapy, preferably via a clinical 

trial. Patients should be screened after day 100 in the presence of known risk factors for 

TA-TMA, including GVHD and infections.

Roadmap for the Future

The acknowledged limitation of sC5b-9 testing availability notwithstanding, the panel 

recommends that the modified Jodele criteria be universally adopted going forward for 

diagnosis of TA-TMA and that the harmonization prognostic criteria be used for risk 

stratification in retrospective, prospective, and interventional studies. Harmonizing TA-TMA 

diagnostic and prognostic criteria internationally is the first step, but we expect that these 

criteria will be further refined as more data from diverse centers are collected.

Recommendations for studies in the next 3 to 5 years

1. Apply diagnostic and prognostic criteria proposed by the Harmonization of 

Definitions panel across international registries and interventional trials to assess 

the incidence and impact of TA-TMA.

2. Develop in vitro and in vivo models of TA-TMA to further understand the 

mechanism of disease and serve as a platform for interrogating novel therapies.

3. Conduct multi-institutional, collaborative blood biomarker studies to identify 

and validate diagnostic and prognostic biomarkers of TA-TMA and determine 

the specificity of biomarkers with concurrent complications, including VOD, 

GVHD, and infection.

4. Investigate the links between TA-TMA, acute GVHD, and infections, with 

a focus on understanding the impact of TA-TMA-directed therapy on organ 

dysfunction and survival in the presence of concomitant GVHD and infection.

5. Enroll children and adults on clinical trials to investigate the safety and efficacy 

of TA-TMA directed therapies.
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Abbreviations:

TA-TMA Transplant Associated Thrombotic Microangiopathy

MOD Multiorgan Dysfunction

LDH Lacate Dehydrogenase

ULN Upper Limit of Normal
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Consensus Key Point 1:

TA-TMA is independently associated with significant morbidity and mortality (Category 

2A)
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Consensus Key Point 2:

Harmonization of diagnostic criteria and risk stratification in TA-TMA are critical to 

better understand the incidence, risk factors, and outcomes of the disease and the impact 

of TA-TMA-directed therapy (Category 2A)
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Consensus Key Point 3:

TA-TMA can be diagnosed via histology (renal or intestinal) or clinically using modified 

Jodele criteria (Category 2B)
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Consensus Key Point 4:

The following features are associated with increased NRM in patients with TA-TMA and 

are considered high-risk features: elevated sC5b-9 (>ULN), rUPCR (≥1 mg/mg), elevated 

LDH (≥2 times ULN), grade II-IV acute GVHD, infections (viral or bacterial), and organ 

dysfunction (Category 2A).
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Consensus Key Point 5:

Specific diagnostic and prognostic biomarkers or biomarker panels are needed for TA-

TMA (Category 2A)
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Consensus Key Point 6:

Additional studies are needed to determine the impact of TA-TMA directed therapy in 

patients with high-risk disease, particularly in those with concurrent severe GVHD and 

infection (Category 2A).
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Consensus Key Point 7:

All allogeneic and pediatric autologous HCT recipients with neuroblastoma should be 

routinely screened for TA-TMA through day 100 (Category 2B)
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Figure 1. 
Proposed pathophysiology of TA-TMA and potential biomarkers. Endothelial cells (ECs) are 

thought to be damaged by chemotherapy administered as part of the preparative regimen, 

medications, and complications of BMT. Damaged ECs release ANG-2, leading to vascular 

destabilization and release of IL-8. Local recruitment of antigen-presenting cells (APCs) 

and lymphocytes results from the expression of increased adhesion molecules by activated 

APCs. APCs also express TNF-α and INF-γ, which further activate neutrophils and T cells, 

which then release neutrophil extracellular traps (NETs). This leads to the activation of 

a component of the alternative complement pathway, C3b, which binds to the endothelial 

surface, leading to formation of the membrane activating complex (MAC) on ECs, further 

contributing to direct ongoing damage of the ECs. The formation of microthrombi ensues 

next, whereby tissue factor released from the damaged ECs binds factor VIIA and von 

Willebrand factor (vWF), promoting platelet activation and subsequent thrombus formation. 

Microthrombi then lead to organ ischemia and end-organ damage (eg, renal failure). Markers 

of any of these pathways may have diagnostic or prognostic implications in TA-TMA. 

sC5b-9 and dsDNA (marker of NETs) have been tested for diagnostic utility, but the other 

markers have not. Potential biomarkers include soluble selectins, markers of endothelial 

injury, inflammatory cytokines, components of complement cascade other than sC5b-9, 

and markers of thrombosis. V-CAM indicates vascular cell adhesion molecule; I-CAM, 

intercellular adhesion molecule (Figure created using Biorender). Figure modified with 

permission from Schoettler, et al. Current Opinion Hematology, 2021. Schoettler M, Chonat 

S, Williams K, Lehmann L. Emerging therapeutic and preventive approaches to transplant-

associated thrombotic microangiopathy. Curr Opin Hematol. 2021 Nov 1;28 (6):408–416. 

doi: 10.1097/MOH.0000000000000687. PMID: 34534983.
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Figure 2. 
Recommended screening and diagnostic workup for TA-TMA. There is sufficient evidence 

supporting routine screening of all allogeneic and pediatric autologous HCT recipients with 

an underlying diagnosis of neuroblastoma through day 100 post-HCT. Screening also should 

be considered after day 100 in patients who develop a known risk factor for TA-TMA, 

including acute GVHD, chronic GVHD, or infection. In patients with ≥3 abnormal screening 

laboratory test results or clinical manifestations or organ dysfunction concerning for TA-

TMA, additional testing should be done. In patients who meet the criteria for high-risk 

TA-TMA, treatment with TA-TMA-directed therapy should be considered. Patients who do 

not meet high-risk criteria should be monitored closely, and treatment may be initiated at the 

discretion of the clinician if cytopenia or other manifestations persist. Triggers of TA-TMA 

(eg, infection, GVHD) should be aggressively managed. *sC5b-9 is not available at all 

centers. If sC5b-9 testing is not available, screening of urine and other organ function should 

continue, and treatment offered to patients meeting high-risk TA-TMA criteria.
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Table 4

Risk Stratification of TMA into Standard-Risk and High-Risk

Standard-Risk TMA High-Risk TMA

Peak LDH <2 times ULN Peak LDH >2 times ULN*

Spot rUPCR <1 mg/mg Spot rUPCR ≥1 mg/mg

KDIGO stage I AKI Any organ dysfunction developing in the setting of TMA except KDIGO stage I AKI (see Table 5)

Normal sC5b-9 Elevated sC5b-9 (>ULN)

Concurrent acute GVHD grade II-IV*

Concurrent systemic infection (bacterial or viral)*

KDIGO indicates Kidney Disease Improving Global Outcomes.

International Consensus Risk stratification is a modification of Jodele et al.1, with additional risk factors indicated by an asterisk.
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