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A B S T R A C T

Background: In patients with suspected immune thrombotic thrombocytopenic purpura,

guidelines suggest that therapeutic plasma exchange should be initiated within eight

hours. However, this time threshold may be difficult to attain. This study sought to identify

the optimal time to plasma exchange to maximize outcomes.

Study Design and Methods: Patientswith international classification of disease codes for throm-

botic microangiopathy were identified in a retrospective cross-sectional analysis of public use

data files from the Recipient Epidemiology and Donor Evaluation Study-III (REDS-III). The

assumption of linearity between time to therapeutic plasma exchange and the composite out-

come of bleeding, thrombosis, and mortality were evaluated. Subsequently, the optimal time

for plasma exchange was identified using a nonparametric approach with bootstrapping.

Results: For 149 patients with a suspected diagnosis of thrombotic thrombocytopenic purpura,

the association between time to plasma exchange and the primary outcome was non-linear.

With regard to the primary composite outcome, this time had a low predictive capacity (area

under the curve: 0.62). The optimal time thatmaximized outcomeswas 13.5 h.

Conclusion: Although this study found that time to therapeutic plasma exchange did not

independently predict outcome, future studies might evaluate how this time interacts with

other variables to predict clinical outcomes.
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1 Introduction

2 In patients with suspected thrombotic thrombocytopenic pur-

3 pura (TTP), therapeutic plasma exchange (TPE) and immuno-

4 suppression should be initiated promptly [1]. Although

5 prompt TPE initiation has been associated with improved out-

6 comes of thrombosis, major bleeding, and mortality, the opti-

7 mal time to TPE that also minimizes poor outcomes is

8 unknown [2−4]. Based on guidelines from the British Society

9 of Haematology, the recommended time window between

10 referral for a suspected diagnosis and TPE initiation is 4−8 h

11 [1]. However, this specific time window may lack robust sup-

12 porting evidence. Also, due to barriers in diagnosis and treat-

13 ment initiation, this time window is often not attained [3,5].

14 Prior evidence suggests that in patients with suspected

15 TTP, TPE initiation within 8 h is achieved in only 27−41% of

16 patients [3,5]. In fact, time to TPE has been found to be

17 delayed as long as >72 h [4,6]. In studies evaluating treatment

18 delays >24 to 48 h, delays longer than 8 h may account for dif-

19 ferences in thrombosis, major bleeding, and mortality out-

20 comes [2,4]. Therefore, there is a need to identify the optimal

21 time window within which TPE initiation is both practicable

22 and associated with improved outcomes. Identifying an opti-

23 mal TPE initiation window may both simplify clinical practice

24 and guide timely diagnostic strategies.

25 To characterize the association between time to TPE and

26 outcomes and identify the optimal time threshold to TPE ini-

27 tiation, this study analyzed public use data from the Recipient

28 Epidemiology and Donor Evaluation Study-III (REDS-III) [7,8].

29 Methods

30 Study design and data source

31 This study is a retrospective cross-sectional analysis of public

32 use data files from the REDS-III study [9]. REDS-III was a pro-

33 spective longitudinal four-year (2013−2016) National Heart,

34 Lung and Blood Institute-sponsored observational multicen-

35 ter electronic health record study involving four United States

36 blood centers and 12 hospitals [7,8]. Participating sites con-

37 tributed data on blood donors/donations (6.5 million blood

38 components) and transfusion recipients (120,290 patients in

39 over 234,277 encounters) [7,9,10]. Included as a comparison

40 group were all non-transfused patients in inpatient encoun-

41 ters (1285,359). REDS-III data include demographics, labora-

42 tory results, medication administration, and blood product

43 transfusions [11]. Because REDS-III public use data files con-

44 tain de-identified data, the study was reviewed by the Institu-

45 tional Review Board and determined to be exempt.

46 Participant selection

47 All children and adults were included in this study if they

48 were with a suspected TTP diagnosis. To identify patients

49 with suspected TTP, a validated strategy was used that has

50 been identified to have a positive predictive value of 65% [12].

51 Thus, participants with suspected TTP were identified using

52 common procedural terminology (CPT), and ICD-9 and 10

53(International Classification of Diseases, ninth and tenth edi-

54tion) codes for TPE (CPT code 36,514, or ICD-9 code 99.71, or

55ICD-10 codes 6A550Z3 or 6A551Z3) and thrombotic microangi-

56opathy (TMA, ICD-9 446.6 or ICD-10 M31.1; see codes in the

57Appendix) [2,12,13]. Although REDS-III provides data at the

58encounter level, this analysis was done at a patient level.

59Patient level data was obtained by merging recipient data files

60by encounter and subject ID [11]. Additionally, because each

61patient may have multiple healthcare encounters, this analy-

62sis included only data from the first suspected TTP inpatient

63encounter (unique hospitalization event).

64Primary outcome and variable definitions

65The primary outcome was defined as a composite of arterial

66and venous thrombosis, major bleeding and all-cause mortal-

67ity (see ICD code definitions in the Appendix) [2,4]. Time to TPE

68was defined as the time from the recorded hospital admission

69to the first plasma issue time reported in hours [2,5]. Time to

70platelet recovery was defined as days from first plasma issue to

71platelet count >150£109/L [14]. Refractory TTP was defined as

72no platelet count doubling and lactate dehydrogenase greater

73than the upper limit of the normal range after four days of

74treatment [14]. TTP exacerbation was defined as a subsequent

75TTP encounter occurring <30 days after discharge [15]. TTP

76relapse was defined as a subsequent TTP encounter occurring

77≥30 days after discharge [15]. Plasma issued from the blood

78bank was identified using validated Information Standard for

79Blood and Transplant (ISBT) codes [8,10,11].

80Statistical analysis

81To determine the optimal time to TPE, this study sought to

82identify the time threshold that maximized Youden’s statistic

83(sensitivity + specificity − 1) − the cutoff-point that provides

84the best balance between true positive and true negative rates

85[16]. To this end, the assumption of linearity between time to

86TPE and log odds of our primary outcome was evaluated.

87To determine the optimal time threshold, a nonparametric

88approach was used with the R (version 4.4.0) “cutpointr” pack-

89age [17]. The “cutpointr” package allows direct estimation of

90cutoff values in binary classification problems. To this end,

91various metrics were calculated for a range of potential time

92cutoff values [17]. Thus, each possible time threshold was

93evaluated by 1) calculating its sensitivity and specificity, 2)

94computing Youden’s index, and 3) selecting the time thresh-

95old that maximizes Youden’s index.

96To optimize the robustness of the identified time thresh-

97old, bootstrapping (1000 resamples) was performed. By

98repeatedly resampling and replacing the dataset and recalcu-

99lating the optimal threshold, bootstrapping enhances the reli-

100ability of the identified time threshold across multiple

101samples.

102Sensitivity analysis

103Clustering on time to TPE

104In the course of the analysis, a non-linear association was

105identified between time to TPE and the odds of the primary
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106 outcome. Therefore, clusters, based on time to TPE, were

107 investigated to identify subpopulations within the cohort.

108 The aligned box criterion was used to select the optimal num-

109 ber of clusters. This criterion helps identify the optimal num-

110 ber of clusters (k) that are not only compact and distinct but

111 also aligned with the underlying data [18]. This analysis was

112 performed using k-means clustering within PROC HPCLUS in

113 SAS version 9.4 (SAS Institute Inc., Cary, NC). These clusters

114 were used in the sensitivity analysis below.

115 Comparison of multiple models and datasets

116 To increase the specificity of the TTP cohort and validate the

117 consistency of the findings, a series of sensitivity analyses

118 was performed. First, time to TPE (≥5 days) was used as an

119 exposure variable to identify outliers. Second, outliers based

120 on the cluster analysis were excluded; and third, cases that

121 received only one TPE procedure (ICD 10 codes distinguish

122 only single versus multiple procedures) were excluded [19,20].

123 Different parametric and nonparametric tests were per-

124 formed for each sub-analysis. Each test was done with and

125 without bootstrapping (see Supplementary Methods).

126 Results

127 Baseline characteristics and outcomes

128 From 2012 to 2016, the number of patients meeting inclusion

129 criteria for a suspected TTP diagnosis was 149. Among these,

130 the mean age in years was 50. Most patients were female

131 (70.5 %), White (64.4 %), and non-Hispanic (88.6 %). Average

132 admission lab values (§ standard deviation [SD]) were as fol-

133 lows: 1) hemoglobin (9.7§ 2.3 g/dL); 2) platelet count

134 (69.8§ 85.9£ 109); 3) lactate dehydrogenase (1056.8§ 898.1 U/

135 L); and 4) creatinine (2.1§ 1.8mg/dL). The average time to TPE

136 was 71.3§ 136.4 h. Detailed baseline characteristics and

137 demographic information are shown in Table 1.

138 Association between time to therapeutic plasma exchange and

139 the primary outcome

140 Outcomes data are shown in Table 2.

141 The association between time to TPE and the log odds of the

142 primary outcomewas non-linear (see Figure 1). In the nonpara-

143 metric model, the optimal time threshold for TPE initiationwas

144 13.5 h (also see bootstrapping analyses in Supplementary

145 Results); and the area under the curve (AUC) was 0.62.

146 Sensitivity analysis

147 The cluster analysis based on time to TPE identified six sub-

148 populations. These subpopulations had distinct baseline

149 characteristics (age and sex), admission labs (platelet count,

150 hemoglobin, creatinine and lactate dehydrogenase levels)

151 and prognosis. In summary, some subpopulations had worse

152 outcomes despite shorter time to TPE initiation (see detailed

153 clustering analysis data in Supplementary Results).

154 The sensitivity analysis identified a similar non-linear

155 association between time to TPE and the primary composite

156 outcome. Additionally, it identified similar AUCs (range: 0.59

Table 1 – Baseline characteristics of patients with sus-
pected thrombotic thrombocytopenic purpura.

Suspected TTP (n = 149)

Demographic
Age

Mean (SD) 50.2 (18.2)
Median 50.0
Range (7.0−87.0)

Gender − n (%)
Male 44 (29.5 %)
Female 105 (70.5 %)

Race − n ( %)
White 96 (64.4 %)
Black or African American 33 (22.1 %)
Asian 3 (2.0 %)
Other 7 (4.7 %)
Not Reported 10 (6.7 %)

Ethnicity − n ( %)
Hispanic 7 (4.7 %)
Non-Hispanic 132 (88.6 %)
Not Specified 10 (6.7 %)

Comorbidity − n (%)
Diabetes 34 (22.8 %)
Heart Failure 18 (12.1 %)
Renal Disease 99 (66.4 %)
Hepatic Disease 17 (11.4 %)
Stroke 19 (12.8 %)
Transient Ischemic Attack 2 (1.3 %)
Venous Thrombosis 26 (17.4 %)
Pulmonary Embolism 8 (5.4 %)
Immune Thrombocytopenia 11 (7.4 %)
Evans Syndrome 1 (0.7 %)
SLE 6 (4.0 %)
APS 12 (8.1 %)

Admission Labs
Hemoglobin (g/dL)

n 149
Mean (SD) 9.7 (2.3)
Median 9.4
Range (4.7−16.4)

Platelet count (x 109)
n 148
Mean (SD) 69.8 (85.9)
Median 36.5
Range (4.0−464.0)

Lactate Dehydrogenase (U/L)
n 148
Mean (SD) 1056.8 (898.1)
Median 729.0
Range (126.0−5002.0)

Creatinine (mg/dL)
n 149
Mean (SD) 2.1 (1.8)
Median 1.3
Range (0.5−14.2)

Troponin (ng/mL)
n 53
Mean (SD) 2.6 (13.1)
Median 0.1
Range (0.0−96.0)

Time to TPE (h)
Mean (SD) 71.3 (136.4)
Median 23.5
Range (0.6−1179.6)

TTP: thrombotic thrombocytopenic purpura; APS: Antiphospholi-

pid syndrome; SD: Standard deviation; SLE: Systemic Lupus Erythe-

matosus; TTP: Thrombotic thrombocytopenic purpura.
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157 −0.66) and time thresholds for TPE initiation (range: 12.98

158 −15.93 h; see Table 3).

159 Discussion

160 In this retrospective analysis of patients with suspected TTP,

161 the optimal TPE initiation time threshold was identified as

162 13.5 h. Additionally, the association between time to TPE initi-

163 ation and the primary composite outcome (bleeding, throm-

164 bosis, and mortality) was found to be non-linear. With regard

165 to the composite outcome, time to TPE initiation had an AUC

166 of 0.62 (poor predictive capacity). Taken together, these data

167 suggest that, although there is a clearly identified threshold,

168 time to TPE initiation may be only one of several factors

169 impacting outcomes.

170 An important and novel finding of this analysis was the

171 optimal TPE initiation time threshold of 13.5 h. With the sen-

172 sitivity analyses taking into account outliers and number of

173 TPE procedures, the optimal time threshold may fall between

174 12.98−15.93 h (see Table 3). To our knowledge, the optimal

175time to TPE has not been specifically investigated in previous

176studies. However, compared to the evaluation of time to TPE

177initiation as a continuous variable in this study, previous

178studies have evaluated differences in outcomes based on pre-

179specified time thresholds (that is time to TPE initiation as a

180categorical variable). In a study of 61 patients with confirmed

181TTP, outcomes did not differ significantly when the selected

182categorical time threshold was 8 h [3]. Specifically, when com-

183pared to >8 h, TPE initiation within 8 h did not significantly

184improve rates of myocardial infarction (31% versus 24%) neu-

185rological events (28% versus 33%), venous thromboembolism

186(6 % versus 10%) and mortality (7 % versus 4%). In a previous

187large database study of 793 cases of suspected TTP, when cat-

188egorical time thresholds of <1 day, 1 day, 2 days, and >2 days

189were evaluated, a higher odds of mortality, major bleeding,

190and thrombosis was associated with time to TPE initiation

191>2 days (OR: 1.68; 95% confidence interval: 1.11−2.54; p-

192value = 0.0150) [2]. Although these studies differ from the cur-

193rent study in their use of time to TPE as a categorical variable,

194they appear to suggest that the optimal time to TPE that max-

195imizes outcomes is greater than 8 h but <48 h [2,3]. While

196imperfect (a definitive TTP diagnosis was not established),

197the methodology used in this study may offer practical

198insights for improving patient outcomes through timely inter-

199vention.

200Notwithstanding the above, the ability to compare out-

201comes across studies is limited by the absence of a definition

202for standardized time to TPE. In this study, time to TPE was

203defined as hours from hospital admission to first plasma

204issue. In other studies, time to TPE has been variably defined

205as follows: 1) days from hospital admission to first TPE proce-

206dure [2,4,13]; 2) hours from laboratory blood sample receipt to

207blood blank plasma release [5]; and 3) hours from suspected

208diagnosis to first TPE procedure [3]. Each of these definitions,

209which serve as an imperfect surrogate for time from sus-

210pected diagnosis to TPE initiation, has its own limitations [1].

211For example, time to plasma issue could represent, not

212plasma for TPE but rather, plasma for infusion as a

Table 2 – Outcomes of 149 patients with suspected
thrombotic thrombocytopenic purpura.

Suspected TTP n ( %)

Composite outcome 90 (60.4 %)

Time to platelet recovery (days)

Mean (SD) 7.6 (8.0)

Median 4.6

Range (0.3−39.5)

Refractory TTP* 25 (28.1 %)

TTP relapse 8 (5.4 %)

TTP exacerbation 19 (12.8 %)

SD: Standard deviation; TPE: Therapeutic plasma exchange; TTP:

Thrombotic thrombocytopenic purpura.

* Included data from 89 patients.

Figure 1 –The association between time to therapeutic plasma exchange and log odds of composite outcome is non-linear.

TPE: Therapeutic plasma exchange; TTP: Thrombotic thrombocytopenic purpura.
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213 temporizing strategy prior to initiating TPE. Additionally, it

214 may not account for time from blood bank issue to the actual

215 TPE procedure start time. Therefore, in evaluating the impact

216 of time to TPE on TTP outcomes, differences in time definition

217 may confound the results. Furthermore, when the total time

218 from symptoms onset to initial healthcare-seeking behavior

219 and final suspicion is considered, healthcare-associated

220 measures of time to TPE may represent only a small fraction

221 (see Figure 2) [3,6]. In a previous study of 38 patients, the

222 median time from symptoms onset to first hospital visit was

223 6.5 days (range: 2−18 days) [6]. Thus, measures of time to TPE

224 used here are imprecise: They do not account for delays in

225 healthcare seeking and time from initial healthcare presenta-

226 tion to final acute care referral.

227 An interesting finding from this analysis is that, with

228 regard to the primary composite outcome, time to TPE had

229low predictive capacity (AUC: 0.62). While this AUC falls

230within the range of an “acceptable” predictor, it is lower than

231what is seen in other commonly used prediction models such

232as the PLASMIC score (AUC: 0.91−0.96) [21,22]. However, it is

233important to note that, similar to the PLASMIC score, most

234prediction models include not one but a combination of sev-

235eral predictive factors [23,24]. Indeed, in patients with TTP,

236factors known to impact outcomes include age [24−26], renal

237failure [24,25], lactate dehydrogenase levels [24,26], platelet

238count [24], stupor or coma [24,26], and platelet transfusions

239[25]. This study did not assess the interaction of these varia-

240bles with time. Therefore, future studies could evaluate how

241time to TPE interacts with other factors to predict outcomes.

242This study also found the association between time to TPE

243and outcomes to be non-linear. This non-linear association

244may suggest diversity in TTP clinical presentations. Of 66

245patients with TTP on the OK TTP Registry, clinical diversity

246was illustrated in ten patients as follows: 1) prolonged pro-

247drome of mild symptoms, 2) sudden onset of critical illness

248with multi-organ dysfunction, 3) stroke without hematologic

249manifestations, and 4) association with other life-threatening

250diseases (such as infections and systemic lupus erythemato-

251sus) [27]. TTP may also present with asymptomatic thrombo-

252cytopenia or small bowel ischemia [28,29]. The diversity of

253presentation may suggest that, compared to patients with

254mild symptoms at diagnosis, patients who are acutely ill at

255presentation may require more urgent treatment initiation.

256Nevertheless, how distinct clinical presentations impact TTP

257outcomes remains poorly understood. Understanding the

258relationship between clinical presentations, patterns and out-

259comes may guide optimal management strategies for specific

260subpopulations. Nevertheless, it is important to note that the

261cohort, which is focused on patients with suspected TTP, may

262also include patients with other thrombotic microangiopa-

263thies [30]. Therefore, studies to evaluate the non-linear rela-

264tionship of time to TPE with outcomes are needed in a cohort

265of patients with confirmed TTP.

266The primary strength of this study is the use of a robust and

267rigorous methodology enhanced by combining a nonparamet-

268ric approach with bootstrapping and clustering-based analysis.

269Additional strengths include the use of public use data files

270from REDS-III − a multicenter database optimized to provide

271accurate data regarding plasma issue. Nevertheless, REDS-III

Table 3 – Sensitivity analysis to identify the optimal time
threshold for therapeutic plasma exchange initiation.

Cohort (n) Model AUC Threshold
identified (h)

Total cohort

(149)

Parametric 0.65 15.93

Remove those

with only one

TPE (65)

0.59 13.55

Remove time to

TPE >5 days

(125)

0.65 13.5

Remove clus-

ters with out-

liers (139)

0.66 12.98

Remove clus-

ters with 100

−200 h (137)

0.66 13.69

Total cohort

(149)

Nonparametric

(GAM)

0.65 15.93

Removing 100

−200 h cluster

(137)

Nonparametric

with

bootstrapping*

0.64 13.5

AUC: Area under the curve; GAM: Generalized Additive Modeling;

TPE: Therapeutic plasma exchange;.

* : “cutpointr” package in R.

Figure 2 –The patient journey since symptoms onset and potential factors contributing to time to diagnosis. TPE: Therapeutic

plasma exchange; TTP: Thrombotic thrombocytopenic purpura.
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272 data is dated. Therefore, it may not account for current trends

273 in TTP diagnosis and management. With the 2019 Food and

274 Drug Administration (FDA) approval and evolving use of capla-

275 cizumab, the effect of time to TPE initiation on outcomes may

276 have changed. Additionally, although this study uses a vali-

277 dated strategy to identify patients with suspected TTP, the

278 database lacks key diagnostic variables to identify patients

279 with true TTP including ADAMTS13 activity and variables to

280 calculate the PLASMIC score (mean corpuscular volume) or

281 French score (anti-neutrophil antibodies) [22,26,31]. Without

282 these data, these findings can only be applied to a broad unse-

283 lected population of patients with thrombotic microangiopa-

284 thies in whom TPE has been initiated. It cannot be generalized

285 to patients with confirmed TTP [12]. Also, to avoid reverse cau-

286 sation bias from outcomes that may occur prior to TTP diagno-

287 sis, future studies could evaluate the association between time

288 to TPE and TTP-specific outcomes such as platelet recovery,

289 refractoriness, exacerbation, and relapse. Notwithstanding

290 these limitations, this study is an important milestone in

291 understanding the association between time to TPE initiation

292 and outcomes.

293 Conclusion

294 In patients with suspected TTP, the threshold for time to TPE

295 initiation may be greater than recommended by the guide-

296 lines. Nevertheless, when the non-linear association between

297 time to TPE and outcomes and its low predictive capacity is

298 considered, other factors besides time to TPE alone may be

299 important in predicting outcomes. Future studies may help

300 evaluate how time to TPE interacts with other factors to pre-

301 dict clinical outcomes.
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