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Transplant-associated thrombotic microangiopathy (TA-TMA) is a potentially life-

threatening complication following allogeneic hematopoietic stem cell transplantation

(allo-HSCT). Information on markers for early prognostication remains limited, and no

predictive tools for TA-TMA are available. We attempted to develop and validate a

prognostic model for TA-TMA. A total of 507 patients who developed TA-TMA following

allo-HSCT were retrospectively identified and separated into a derivation cohort and a

validation cohort, according to the time of transplantation, to perform external temporal

validation. Patient age (odds ratio [OR], 2.371; 95% confidence interval [CI], 1.264-4.445),

anemia (OR, 2.836; 95% CI, 1.566-5.138), severe thrombocytopenia (OR, 3.871; 95% CI, 2.156-

6.950), elevated total bilirubin (OR, 2.716; 95% CI, 1.489-4.955), and proteinuria (OR, 2.289;

95% CI, 1.257-4.168) were identified as independent prognostic factors for the 6-month

outcome of TA-TMA. A risk score model termed BATAP (Bilirubin, Age, Thrombocytopenia,

Anemia, Proteinuria) was constructed according to the regression coefficients. The vali-

dated c-statistic was 0.816 (95%, CI, 0.766-0.867) and 0.756 (95% CI, 0.696-0.817) for the

internal and external validation, respectively. Calibration plots indicated that the

model-predicted probabilities correlated well with the actual observed frequencies. This

predictive model may facilitate the prognostication of TA-TMA and contribute to the

early identification of high-risk patients.

Introduction

Transplant-associated thrombotic microangiopathy (TA-TMA) is a potentially life-threatening complication
following allogeneic hematopoietic stem cell transplantation (allo-HSCT) that can result in multiorgan injury
and an increased risk for mortality.1-3 As part of the family of thrombotic microangiopathy (TMA) syndromes,
TA-TMA is generated when endothelial injury (caused by multiple risk factors after transplantation) leads to
intravascular platelet activation, generalizedmicrothrombi formation, andmicroangiopathic hemolytic anemia
(MAHA).3 The clinical manifestations of TA-TMA range from self-limited cytopenia to fulminant organ dys-
functions resulting in adverse survival.4 Such heterogeneity in disease severity may be ascribed to differ-
ences in recipient/donor characteristics, comorbidities, and/or concomitant disorders after transplantation.
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Key Points

� A risk score model
(BATAP) was
established to
facilitate the
prognostic stratifica-
tion of patients with
TA-TMA following allo-
HSCT.

� The BATAP prognostic
model showed robust
predictive capacity
through internal and
external temporal
validation.
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The recognition of TA-TMA can be challenging because of the risk of
tissue biopsy in allogeneic transplant recipients. Classic clinical fea-
tures, including MAHA, thrombocytopenia, and organ involvement
(especially renal and neurologic injury3,5), may also be initiated by
drugs, infection, and graft-versus-host disease (GVHD), which further
complicates the differential diagnosis.6 Several algorithms have been
constructed to facilitate the diagnosis of TA-TMA based on clinical
and laboratory criteria.7-10 As a consequence of the diversity in diag-
nostic criteria, the reported incidence (4-39% since 200411) and mor-
tality of TA-TMA (40.2-91% since 20044,9,11-22) varied significantly
among different case series.2 In a recent study, approximately half of
TA-TMA patients suffered severe disease likely leading to adverse sur-
vival, which further indicated that heterogeneity in disease severity
remained within the cohort using consistent diagnostic criteria.4,10

Therefore, renewed interest has emerged in the prognostic stratifica-
tion of TA-TMA with the development of diagnostic algorithms.

Previously documented risk factors for poor outcome include
advanced age, unrelated or haploidentical donors, elevated serum
creatinine, proteinuria, and elevated serum C5b-C9 levels.3,4,13-15,23

In addition to these demographic and laboratory characteristics, clin-
ical complications and comorbidities were also related to survival after
TA-TMA. End-organ injuries, such as neurologic dysfunction,6 renal
involvement,1,9,22 and significant gastrointestinal bleeding,20 were
associated with an increased risk for mortality. Previous studies also
reported adverse outcomes in TA-TMA patients with concomitant dif-
fuse alveolar hemorrhage11 and acute GVHD.24 Considering the low
response rate of current treatment strategies,3,6 severe cases that
require immediate intensification of support need to be identified at
an earlier stage, ideally as soon as the diagnosis of TMA. However,
most of the clinical risk factors were not readily applicable at the initial
presentation of disease. Nevertheless, statistical verification, such as
external validation, might be vital for these candidate predictors. A
prognostic model incorporating the patient risk factor profile may
also be more precise and useful in individualized prognostic stratifica-
tion, as has been demonstrated in the management of thrombotic
thrombocytopenic purpura (TTP).25-29 To date, information onmarkers
for early prognostication remains limited, and no validated predictive
tool for TA-TMA is available in clinical practice.

Here, we report a prognostic model for TA-TMA following allo-HSCT
derived from a large cohort study. Themodel performance is evaluated
through internal and external temporal validation. By incorporating the
patient characteristics and baseline laboratory data at the onset of
TA-TMA, this predictive tool might help to identify high-risk patients
and to assist with the administration of intensified therapy.

Methods

Study patients

Patients receiving allo-HSCT at Peking University People’s Hospital
with a diagnosis of MAHA or evidence of microangiopathy (defined
as the presence of schistocytes in a peripheral blood smear7-10 or his-
tologic evidence of microangiopathy on tissue biopsy1,10) were retro-
spectively identified from 2010 to 2018. The histologic changes of
microangiopathy in tissue specimens from kidney, lung, and gastroin-
testinal tract biopsy were reviewed according to previously published
literature.1,10,30 Among these suspected cases, TA-TMA was diag-
nosed according to published criteria.9 Patients without fulfillment of
the diagnostic criteria or complicated by other causes of MAHA

were excluded from analysis. Patients with TA-TMA were separated
into a derivation cohort and a validation cohort, according to the
time of transplantation, to perform external temporal validation. The
study protocol was approved by the central institutional review board
at Peking University People’s Hospital, and informed consent was
obtained from all patients.

Definition and management of TA-TMA

The diagnosis of TMA was based on published criteria9 that included
(1) the presence of schistocytes in a peripheral blood smear or histo-
logicevidenceofmicroangiopathyon tissuebiopsy, (2) denovoanemia
definedashemoglobinbelow the lower limit of normal or requirementof
transfusion, (3) de novo, prolonged, or progressive thrombocytopenia
with a platelet count , 50000 per microliter or $50% decrease in
the platelet count, (4) elevated lactate dehydrogenase above the insti-
tutional upper limit of normal (ULN), (5) decreased serum haptoglobin
below the institutional lower limit of normal, and (6) a negativeCoombs
test, as well as the absence of concomitant coagulopathy (coagulation
assays include prothrombin time and activated partial thromboplastin
time).4,9 The time of diagnosis was determined as the date when all
diagnostic criteria were fulfilled concomitantly. Management of
TA-TMA includedwithdrawal orminimizationofmedication thatmay ini-
tiate endothelial injury, plasma infusion, and/or plasma exchange com-
binedwith corticosteroid administration, defibrotide, rituximab, and the
treatment of concomitant conditions (eg, infections or GVHD).

Conditioning regimens and GVHD prophylaxis

Haploidentical stem cell transplantation is a suitable alternative for
HLA-matched sibling donor transplantation.31,32 In this study, a major-
ity of patients received allografts from HLA-partially matched related
donors. These patients underwent antihuman thymocyte immunoglob-
ulin (ATG)-based haploidentical stem cell transplantation through our
previously established protocol,31-33 which features the combination
of peripheral blood stem cell harvests and bone marrow harvests,
ATG-based conditioning, and GVHD prophylaxis with cyclosporine
A (CsA), methotrexate (MTX), and mycophenolate.34-38

In our study, most of the HLA-partially matched recipients received a
myeloablative conditioning regimen consisting of busulfan (BU)/cyclo-
phosphamide (CY) 1 ATG. Most of the HLA-matched recipients
received the same regimen without ATG. A total body
irradiation–based regimen was indicated for patients with specific sta-
tus, such as subsequent hematopoietic stem cell transplantation
(HSCT; with a history of prior transplantation). Most patients received
CsA 1 mycophenolate 1 short-term MTX for GVHD prophylaxis,
whereas a few patients were administered tacrolimus or sirolimus
(mostly because of an intolerance to CsA).

Data collection

Complete blood count was monitored daily. Severe anemia was
defined as hemoglobin , 70 g/L, and severe thrombocytopenia
was defined as a platelet count, 15000 per microliter (cutoff values
were determined according to the optimized Youden index). Classifi-
cation was based on nadir within 63 days of TMA diagnosis to
account for the potential effect of transfusions. The biochemistry panel
was measured twice a week. Urinalysis was monitored once or twice
per week from 1 week before transplantation to 60 days after trans-
plantation and once every 2 weeks thereafter; it was repeated if abnor-
mal values were observed. Proteinuria was defined as a urine protein/
creatinine ratio$ 0.2 mg/mg or a protein concentration $ 30 mg/dL
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in random urinalysis on 2 consecutive tests.4,39,40 For prognostic anal-
ysis, baseline proteinuria was documented as positive when an abnor-
mal test was present at least once within 63 days of TMA diagnosis.
The hematopoietic cell transplantation–specific comorbidity index
(HCT-CI) was calculated, according to published criteria,41 prior to
transplantation. White blood cell and platelet engraftment were
defined as a neutrophil granulocyte count $ 500 per microliter and
a platelet count $ 50000 per microliter for 3 consecutive days with-
out transfusions, respectively. Renal dysfunction was defined as the
presence of acute kidney injury (AKI; elevated serum creatinine at least
twofold from baseline) and/or the need for renal replacement ther-
apy.7,22 To establish amodel for early prognostication, data for the lab-
oratory indicators were measured within 63 days of TMA diagnosis
(defined as the baseline), and the demographic or clinical variables
were collected prior to or at the diagnosis of TA-TMA. Data about
the immunosuppressive regimens prior to and after the diagnosis of
TA-TMA were collected in the derivation cohort to explore the correla-
tion between immunosuppressant modulation and clinical outcome.

Statistical analysis

Prognostic factors for TA-TMAwere determined among patients in the
derivation cohort. The outcome indicator was defined as the 6-month
overall survival from the diagnosis of TA-TMA. Categorical variables
were analyzed using the 2-tailed Fisher’s exact test. Continuous vari-
ables were analyzed using the nonparametric Mann-Whitney U test.
Patient age, hemoglobin, platelet count, and total bilirubin (TBIL)
were dichotomized for univariate and multivariate analyses; the cutoff
values were determined as the thresholds with the optimal Youden
index according to the receiver operating characteristic (ROC) curve.
Candidate predictors (univariate P , .1) were included in the

multivariate analysis using a backward stepwise logistic regression
model. Variables remaining in the final model were identified as inde-
pendent prognostic factors. A prognostic model was developed from
the final logistic regression model according to established meth-
ods.42 A risk score was also constructed based on the regression
coefficient of each variable. The performance of this predictive model
was evaluated through internal validation using the bootstrap method
with 1000 repetitions and external temporal validation using data from
the validation cohort. Sensitivity analysis of the risk score was per-
formed among patients undergoing different transplant protocols
using the ROC curve. A multivariate logistic regression model was
used to explore the correlation between immunosuppressant modula-
tions and the 6-month overall survival of TA-TMA. Comparison of
nonrelapse mortality among patients receiving different immunosup-
pressive regimens was conducted using the Fine-Gray competing
risk model. A 2-sided P value , .05 was considered statistically sig-
nificant. Data analysis was performed with SPSS 24.0 (SPSS Inc.,
Chicago, IL), R (R version 4.0.0), and SAS 9.4 (SAS Institute, Cary,
NC) software.

Results

Study patients

In total, 5337 patients underwent allo-HSCT at Peking University Insti-
tute of Hematology between 2010 and 2018. A total of 1254 patients
with a diagnosis of MAHA and/or evidence of microangiopathy were
retrospectively identified, amongwhom 507 patients met the inclusion
criteria for this analysis (Figure 1). Patients with concomitant coagul-
opathy (n5144), evidence of autoimmune hemolytic anemia (AIHA)

1254 patients receiving HSCT
with 1) a diagnosis of MAHA

and/or 2) evidence of
microangiopathy* • 144 with concomitant coagulopathy

• 84 with evidence of AIHA
• 2 diagnosed with TTP
• 7 with other cause of MAHA

• 11 with incomplete data
• 7 with TMA prior to HSCT

507 patients with TA-TMA

Derivation cohort:
patients receiving HSCT from
2010 to 2015 (n = 269)

Validation cohort:
patients receiving HSCT from
2016 to 2018 (n = 238)

• 492 without fulfillment of the
  Overall-TMA diagnostic criteria

Figure 1. Flowchart of study design. Patients receiving allo-HSCT with suspected TA-TMA were retrospectively identified from 2010 to 2018. The diagnosis was reviewed

according to published criteria. *Evidence of microangiopathy was defined as the presence of schistocytes in a peripheral blood smear or histologic evidence of microangiopathy

on tissue biopsy.
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(n584) or TTP (n52), or other specific causes of MAHA (n57)
were excluded from the analysis. The patients receiving HSCT
between 2010 and 2015 were included in the derivation cohort
(n5269), whereas those who received HSCT between 2016 and
2018 were included in the external validation cohort (n5238). No
significant difference in patient age, donor type, underlying disease,
or 6-month overall survival was found between the derivation and val-
idation cohorts (Table 1).

Clinical characteristics of patients with TA-TMA

The demographic and clinical characteristics of patients with TA-TMA
are shown in Table 1. For the entire cohort (N5507), the median age
at the time of TA-TMA diagnosis was 28 years (interquartile range
[IQR], 17-41). The median duration from the time of transplantation
to the diagnosis of TA-TMA was 63 days (IQR, 38-121). Overall sur-
vival for patients with TA-TMA is shown in Figure 2. The 6-month sur-
vival rate was 56.0% (284/507), and the 1-year survival rate was
53.3% (270/507). Renal dysfunction was observed in 16.4% (83/
507) of patients at the initial presentation of TA-TMA, 24.5% (124/
507) of patients within 30 days of the diagnosis of TMA, and
29.6% (150/507) of patients within 3 months of TMA diagnosis.
Patients with concomitant renal involvement at the diagnosis of
TA-TMA exhibited significantly worse overall survival compared with
those without renal dysfunction (P , .0001; supplemental Figure 1).

Prognostic factors for patients with TA-TMA

In the derivation cohort, univariate analysis revealed that advanced age
($35 years, 32%, P5 .001), severe anemia (hemoglobin , 70 g/L,
47.6%, P , .0001), severe thrombocytopenia (platelet count ,

15000 per microliter, 48.7%, P , .0001), hypoalbuminemia (,28
g/L, 28.6%, P , .0001), elevated TBIL (.1.5 times ULN, 60.2%,
P5 .006), and proteinuria (37.5%, P , .0001) were associated
with adverse prognosis (Table 1; supplemental Table 1). On multivar-
iate analysis, advanced age (P5 .007; odds ratio [OR], 2.371; 95%
confidence interval [CI], 1.264-4.445), severe anemia (P5 .001; OR,
2.836; 95% CI, 1.566-5.138), severe thrombocytopenia (P, .0001;
OR, 3.871; 95% CI, 2.156-6.950), elevated TBIL (P5 .001; OR,
2.716; 95% CI, 1.489-4.955), and proteinuria (P5 .007; OR,
2.289; 95% CI, 1.257-4.168) were identified as independent prog-
nostic factors for the 6-month outcome associated with TA-TMA
(Table 2). Kaplan-Meier estimations of overall survival showed signifi-
cant differences among patients with and without these indicators
(supplemental Figure 2).

Prognostic model and risk stratification for patients

with TA-TMA

A prognostic model termedBATAP (Bilirubin, Age, Thrombocytopenia,
Anemia,Proteinuria)wasdeveloped from themultivariate logisticmodel.
The equation for the BATAP prognostic model is as follows:

Probability 62monthmortalityð Þ ¼ 1
1þ expð2YÞ

where

Y ¼ 22:534þ 0:863 � Age$35 yearsð Þ þ 1:043

� Hb,70 g=Lð Þ þ 1:353 � Platelet count,15, 000=mLð Þ
þ 0:999 � TBIL.1:5 � ULNð Þ þ 0:828 � Proteinuriað Þ:

A risk heat map for the BATAP model is provided to visualize the risk
estimates derived from the individual prognostic factor profile

(Figure 3). To develop a simplified predictive tool for clinical practice,
a BATAP risk score system was constructed according to the regres-
sion coefficients (1 point each for variable remaining in the final model)
(Table 2). The distribution and prediction estimates for the risk score
are shown in Figure 4 and supplemental Table 2. The lowest score (0
points) indicates a 7.4% risk, whereas the highest risk score (5 points)
indicates an 83.3% risk for 6-month mortality. Patients were further
separated into a low-risk group (BATAP risk score 0-1 points), an
intermediate-risk group (2-3 points), and a high-risk group (4-5 points).
Among these risk groups, significant differences were observed in the
survival rates within 6 months of diagnosis (Table 3), as well as in the
Kaplan-Meier estimations of overall survival (P , .001 for pairwise
comparisons, log-rank test; Figure 5).

Model performance

The BATAP prognostic model showed significant discriminatory
capacity. The c-statistic was 0.816 (95% CI, 0.766-0.867) in the
internal validation cohort using the bootstrap method, and it was
0.756 (95% CI, 0.696-0.817) in the external temporal validation
cohort. ROC curves for the risk score are shown in supplemental Fig-
ure 3. The calibration plots also indicated an optimal agreement
between the model-predicted and actual observed probabilities (Fig-
ure 6). To further evaluate the utility of the BATAP model in clinical
practice, decision curve analysis was performed to assess the net
benefit for patients with TA-TMA (Figure 7). A positive net benefit
for a wide range of probability thresholds was observed in the internal
validation and external validation cohorts.

Discussion

A systematic review in 2004 summarized 35 published case series of
TA-TMA using 20 diagnostic criteria; the reported incidence ranged
from 0.5% to 63.6%, and the fatality ranged from 0% to 100%.43

Clinical studies since 2004 reported an incidence of 4% to
39%,4,11,13,16,18,19,21 with the overall survival rate ranging from 9%
to 59.8%.4,6,9,11-22 In addition to the differences in study design
(eg, retrospective or prospective nature), study population, and time
of follow-up, the lack of uniformly accepted diagnostic criteria may
also have contributed to this variability.2,3,9,44 In this retrospective
cohort study, 9.5% (507/5337) of the allogeneic transplant recipients
developed TA-TMA, which was consistent with previous studies using
similar diagnostic algorithms.6,9,11,18,19 The 6-month overall survival
rate for patients with TA-TMA was 56% (284/507), which was also
consistent with previous reports (28.8-59.8% in cohort studies pro-
viding data for the 6-month outcome).16,18,21-23

A majority of our study patients underwent ATG-based unmanipulated
stem cell transplantation using our established protocol,34 which has
been reviewed and is increasingly used worldwide.31-33,35,36 Notably,
the transplant protocols may be associated with the risk and outcome
of TA-TMA. HLA disparity, conditioning regimens, and calcineurin
inhibitor (CNI) exposure were well documented as potential risk fac-
tors,9,22,45 whereas recent studies report divergent evidence with
regard to the prognostic role of donor type,9,21,45 conditioning, and
immunosuppressive regimens3 in patients with TA-TMA. The consis-
tency in observed incidence and outcomes suggests a likely similar
TA-TMA profile among our study patients and previously reported
cohorts. To further explore the stability and reliability of the BATAP
risk score, a sensitivity analysis was performed; similar discriminative
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Table 1. Clinical and laboratory characteristics among the patients with TA-TMA

Characteristics Derivation cohort (n = 269) Validation cohort (n = 238) P*

Clinical characteristics

Sex .369

Male 161 (59.9) 133 (55.9)

Female 108 (40.1) 105 (44.1)

Age at HSCT, median (range), y 26 (3-62) 29 (1-66) .328

Age at TA-TMA diagnosis, median
(range), y

26 (3-62) 30 (1-67) .334

Time from HSCT to TA-TMA,
median (IQR), d

68 (42-143) 59 (35-103) .004

Underlying disease

AML 95 (35.3) 91 (38.2) .519

ALL 103 (38.3) 74 (31.1) .094

CML 18 (6.7) 4 (0.2) .007

MDS/MPN 32 (11.9) 32 (13.4) .688

Other 21 (7.8) 37 (15.5) .008

HCT-CI

0 196 (72.9) 182 (76.5) .360

1-2 66 (24.5) 48 (20.2) .244

$3 7 (2.6) 8 (3.4) .794

Donor type

Matched related 28 (10.4) 23 (9.7) .883

HLA-partially matched related 239 (88.8) 210 (88.2) .889

Matched unrelated 2 (0.7) 5 (2.1) .261

ABO compatibility

ABO matched 141 (52.4) 140 (58.8) .153

ABO mismatched 128 (47.6) 98 (41.2) .153

Conditioning regimen

BU/CY 32 (11.9) 29 (12.2) 1.000

BU/CY1ATG 213 (79.2) 191 (80.3) .825

TBI-based regimen 12 (4.5) 8 (3.4) .649

Other 12 (4.5) 10 (4.2) 1.000

Stem cell source BM1PBSC BM1PBSC

GVHD prophylaxis

CsA1mycophenolate1MTX 201 (74.7) 202 (84.9) .008

Tacrolimus/sirolimus 68 (25.3) 36 (15.1) .008

Time to platelet engraftment,
median (IQR), d†

15 (12-22) 15 (12-22) .591

Time to WBC engraftment, median
(IQR), d†

13 (11-16) 13 (12-16) .463

Acute GVHD prior to TMA

None 72 (26.7) 74 (31.1) .326

I-II 135 (50.2) 105 (44.1) .182

III-IV 62 (23.0) 59 (24.8) .677

Donor lymphocyte infusion 55 (20.4) 38 (16.0) .207

Laboratory characteristics

Anemia (Hb , 70 g/L) 128 (47.6) 139 (58.4) .016

131 (48.7) 114 (47.9) .859

Unless otherwise noted, data are n (%).
ALL, acute lymphoblastic leukemia; AML, acute myeloblastic leukemia; BM, bone marrow; CML, chronic myeloid leukemia; Hb, hemoglobin; IQR, interquartile range; MDS, myelodysplastic

syndrome; MPN, marrow proliferative neoplasm; PBSC, peripheral blood stem cell; TBI, total body irradiation; WBC, white blood cell.
*Comparison between the derivation cohort and the validation cohort.
†WBC and platelet engraftment: a neutrophil granulocyte count $500 per microliter and a platelet count $ 50000 per microliter for 3 consecutive days without transfusions, respectively.
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capacities were shown between patients undergoing different trans-
plant protocols (supplemental Figure 4).

TA-TMA has been associated with significantly worse overall survival
and nonrelapse mortality among allogeneic transplant recipients.10

Previous studies identified TA-TMA as an independent prognostic fac-
tor for 6-month overall survival among the posttransplant popula-
tion.21,22 However, the high mortality rate may be multifactorial. In
this regard, reported causes of death can include complications

directly subsequent to TMA (eg, renal injury or neurologic dysfunc-
tion), as well as concomitant disorders (eg, severe GVHD or infec-
tions).11,17,18 Several studies have revealed the heterogeneity in
disease severity within the TA-TMA population, which may be affected
by organ involvement,6,9,23 concomitant morbidities,11 or other clinical
factors. Considering the poor prognosis for severe cases and the low
rate of response to current therapy, early-stage risk stratification at the
time of diagnosis of TA-TMA may be of significant clinical relevance.

This study identified advanced age, severe anemia, severe thrombocy-
topenia, elevated TBIL, and proteinuria as independent prognostic
factors for the 6-month outcome of TA-TMA. Among these predictors,
patient age,15 anemia,4 and proteinuria4 were previously reported to
be related to the overall survival of patients with TA-TMA, although dif-
ferent prognostic thresholds were proposed. Patients who died after
TA-TMA presented with more severe anemia and more frequent pro-
teinuria.4 In our study, the nadir hemoglobin concentrations within63

Table 1 (continued)

Characteristics Derivation cohort (n = 269) Validation cohort (n = 238) P*

Thrombocytopenia (platelet
count , 15000/mL)

Elevated TBIL (.1.5 times ULN) 162 (60.2) 123 (51.7) .060

Hypoalbuminemia (,28 g/L) 77 (28.6) 75 (31.5) .498

Proteinuria ($30 mg/dL) 102 (37.9) 101 (42.4) .319

Outcomes

6-mo mortality rate 125 (46.5) 98 (41.2) .245

1-y mortality rate 129 (48.0) 108 (45.4) .593

Unless otherwise noted, data are n (%).
ALL, acute lymphoblastic leukemia; AML, acute myeloblastic leukemia; BM, bone marrow; CML, chronic myeloid leukemia; Hb, hemoglobin; IQR, interquartile range; MDS, myelodysplastic

syndrome; MPN, marrow proliferative neoplasm; PBSC, peripheral blood stem cell; TBI, total body irradiation; WBC, white blood cell.
*Comparison between the derivation cohort and the validation cohort.
†WBC and platelet engraftment: a neutrophil granulocyte count $500 per microliter and a platelet count $ 50000 per microliter for 3 consecutive days without transfusions, respectively.

1.0 Total (n = 507)
Derivation cohort (n = 269)
Validation cohort (n = 238)

0.8

0.6

0.4

0.2
0 400 800 1200 1600 2000 2400 2800 3200 3600
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Time after TA-TMA (days)

Figure 2. Survival analysis for patients with TA-TMA. No significant difference

was observed in overall survival between the derivation cohort and the validation

cohort.

Table 2. The BATAP risk score model according to multivariate

analysis in the derivation cohort

Variables b P OR (95% CI) Points

Age $35 y 0.863 .007 2.371 (1.264-4.445) 1

Hemoglobin ,70 g/L 1.043 .001 2.836 (1.566-5.138) 1

Platelet count ,15000/mL 1.353 ,.0001 3.871 (2.156-6.950) 1

TBIL .1.5 times ULN 0.999 .001 2.716 (1.489-4.955) 1

Proteinuria 0.828 .007 2.289 (1.257-4.168) 1

The laboratory indicators were measured within 63 d of the diagnosis of TA-TMA.

Yes

0.8

0.6

0.4

0.2

No

Yes

No

Total Bilirubin
Proteinuria

Age <35 years Age ≥35 years

≥15 <15 ≥15 <15

>1.5*ULN

≤1.5*ULN

>1.5*ULN

≤1.5*ULN

>1.5*ULN

≤1.5*ULN

>1.5*ULN

≤1.5*ULN

Hemoglobin
<70 g/L

Hemoglobin
≥70 g/L

Platelet count

Figure 3. Individualized risk prediction for 6-month mortality in patients

with TA-TMA. Heat map based on the BATAP prognostic model. Patient profile

include 5 independent prognostic factors: age, hemoglobin, platelet count, TBIL, and

proteinuria.
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days of TMA diagnosis, rather than the value at the time of diagnosis,
were collected for analysis to minimize the effect of transfusions; a
nadir hemoglobin ,7 g/dL was associated with adverse outcomes.
Albuminuria was reported to be an indicator for renal dysfunction
and a predictor for increased mortality following HSCT.1,46 A more
recent study revealed that proteinuria in the TA-TMA population signif-
icantly affected overall survival and usually occurred prior to the diag-
nosis of TMA.4 Our findings verified the potential for proteinuria as an
early-stage predictor of worse overall survival. The need for platelet
transfusion was previously associated with worse prognosis in
TA-TMA patients.17 Our findings suggest an optimal prognostic
threshold for severe thrombocytopenia (platelet count ,15000 per
microliter) to predict survival in TA-TMA. TBIL.1.5 timesULN, an indi-
cator for moderate/severe hepatic morbidity in the HCT-CI risk
score,41 was included in our model as an independent prognostic fac-
tor for TA-TMA. Elevated TBIL may imply the severity of hemolysis, as
well as the degree of hepatic dysfunction, which may partially explain
its prognostic role in patients with TMA.

Several prognostic models have been established to predict the clin-
ical outcome, disease severity, or treatment response in patients with
TTP.25-29 In this study, we developed and validated a prognostic

model for TA-TMA based on patient risk factor profiles that showed
good performance with regard to discrimination and calibration
through internal and temporal external validation. According to the
established risk score, patients with TA-TMA were divided into a
low-risk group and a high-risk group. The observed survival rate corre-
latedwell within these risk groups, indicating its potential utility in prog-
nostic stratification.

To the best of our knowledge, this is the first attempt to develop a
prognostic model for TA-TMA in allo-HSCT recipients. The predictive
model was derived from a large high-quality cohort with a consistent
definition of TA-TMA, and themodel performancewas verified through
internal validation and external temporal validation. Candidate predic-
tors were clinically relevant and readily available by routine examina-
tion, which facilitates the application and generalizability of this
model in clinical practice. Variables in the final model were all mea-
sured at baseline (within63 days of the TA-TMA diagnosis) to enable
prognostic stratification at an early stage and assist with immediate
intensive care for high-risk patients.

Our study has several potential limitations. First, the diversity in diag-
nosis algorithms for TA-TMA leads to limited transferability among dif-
ferent case series. In this study, TA-TMA is defined according to the
criteria proposed by Cho et al,9 which have been well established
and used widely in retrospective and prospective studies. Whether
the present model is generalizable to populations using different diag-
nosis criteria requires further examination. Second, geographical vali-
dation was unavailable because of the single-center nature of our
study. Although temporal validation indicated robust discriminative
power, as well as good performance in the calibration plots, geo-
graphical validation of the model in other TA-TMA populations may
be important to further assess its utility in clinical practice. Comple-
ment dysregulation was recently reported to have a significant role
in the pathogenesis of TA-TMA. Elevated serum C5b-C9 levels at
the diagnosis of TA-TMA were associated with adverse overall sur-
vival,4 and complement-targeting therapy, such as eculizumab, might
be beneficial for patients with this risk factor.10,47-49 However, data
for serum C5b-C9 levels or other indicators of complement activation
were not available in this retrospective study.

Our findings indicate the feasibility of predicting the outcome of
TA-TMA using routinely available clinical and laboratory
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Figure 4. Distribution of BATAP risk score and corresponding risk estimates

for 6-month mortality in patients with TA-TMA (N 5 507). Blue line denotes the

estimated 6-month mortality for each score.

Table 3. Observed survival rates for patients with TA-TMA among different risk groups

Risk group Risk score n (%) 6-mo survival/death, n/n 6-mo survival rate, %

Total cohort (N = 507)

Low risk 0-1 158 (31.1) 136/22 86.1

Intermediate risk 2-3 229 (45.2) 123/106 53.7

High risk 4-5 120 (23.7) 25/95 20.8

Derivation cohort (n = 269)

Low risk 0-1 83 (30.9) 72/11 86.7

Intermediate risk 2-3 130 (48.3) 66/64 50.8

High risk 4-5 56 (20.8) 6/50 10.7

Validation cohort (n = 238)

Low risk 0-1 75 (31.5) 64/11 85.3

Intermediate risk 2-3 99 (41.6) 57/42 57.6

High risk 4-5 64 (26.9) 19/45 29.7
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characteristics. Significant heterogeneity was observed in clinical
manifestations and overall survival among the patients fulfilling labora-
tory diagnostic criteria for TA-TMA, and the baseline risk factor profile
may assist with early-stage prognostication. A formula was provided to
estimate the risk of 6-month mortality through the BATAP prognostic

model, and the risk estimate has been visualized as a heat map for
convenient clinical use. We also developed the BATAP risk score
as a simplified predictive tool and separated the study patients into
3 risk groups. Patients in the intermediate-risk group (2-3 points)
showed similar 6-month overall survival (53.7%) compared with
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previously reported cohorts of TA-TMA,16,18,21-23 whereas the low-
risk group (0-1 points) and high-risk group (4-5 points) showed signif-
icantly favorable and adverse outcomes, respectively. Therefore,
patients in the high-risk group (those fulfilling $4 prognostic predic-
tors) may require special concern and management.

Management of severe or refractory cases of TA-TMA has been chal-
lenging.1 Although exposure to CNIs is well documented as a risk fac-
tor for TA-TMA, whether CNI withdrawal can improve the clinical
outcome remains controversial.11,13 GVHD flares subsequent to
changes in immunosuppressive regimens may also lead to an
increased risk for mortality.3 In our study, subanalyses were con-
ducted among patients in the derivation cohort (n5269) to explore
the correlation between immunosuppressant modulation and clinical
outcome. A total of 145 (53.9%) patients underwent withdrawal
from (n586; 32.0%) or a reduction in (n559; 21.9%) CNIs after
the diagnosis of TA-TMA (supplemental Table 3). Multivariate analysis
and subgroup analysis stratified by the BATAP risk groups did not
show significant differences in the 6-month overall survival (supple-
mental Figure 5) or nonrelapse mortality (supplemental Figure 6)
between patients receiving different immunosuppressive regimens
after TA-TMA. Other therapeutic options include the management of
concomitant disorders (eg, infections orGVHD), plasma exchange, rit-
uximab, and defibrotide. Therapeutic plasma exchange (TPE) in
TA-TMAwas not as beneficial as in TTP, with reported response rates
ranging from 27% to 80% and mortality rates of 44% to 100%.1,43

Nevertheless, previous studies suggested that early initiation of thera-
peutic plasma exchange may be beneficial, especially for patients with
documented factor H autoantibodies.50 Therefore, early intensification
of supportive care and confining specific therapy to particular risk
groups may improve their performance with regard to response rate
and outcome. By facilitating early risk stratification among patients
with TA-TMA, our prognostic model may assist with decision-
making with regard to intensive management, as well as the timing
of intervention. Notably, prompt and appropriate screening for
TA-TMA, including the required clinical and laboratory markers among
those with suspected manifestations, is of great clinical relevance for
TMA diagnosis and, thereby, is fundamental for the early risk stratifica-
tion and subsequent management.

In addition to overall survival, renal dysfunction (including AKI and
chronic kidney disease) is a frequently used outcome indicator in
TA-TMA.21,22 AKI is a well-documented prognostic risk factor among

allogeneic transplant recipients.2,9,22 TA-TMA was also frequently
associated with chronic kidney disease, another predictor for worse
survival among patients receiving HSCT.1,18 Further investigation
may focus on the frequency, risk factors, and outcomes of end-
organ involvement, such as renal dysfunction, neurologic dysfunction,
and gastrointestinal bleeding, because these complications may lead
to worse survival and impaired quality of life in the long-term follow-up
after transplantation.

Conclusions

In this study, patient age, severe anemia, severe thrombocytopenia,
elevated TBIL, and proteinuria were identified as independent prog-
nostic factors for the 6-month outcome of TA-TMA. A prognostic
model (BATAP) for TA-TMA following allo-HSCT was developed
and evaluated; it demonstrated robust predictive capacity. This predic-
tive model might facilitate prognostication of TA-TMA and contribute
to early identification of patients at higher risk for adverse outcomes.
Further studies may focus on whether these high-risk patients could
benefit from early administration of intensified care or other specific
management.
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