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Introduction.

Reticulated platelets are immature, newly released platelets. They can be distinguished from mature platelets by their RNA content and their larger size. They are suggested to be the platelet analogue of the red cell reticulocytes [START_REF] Harrison | Reticulated platelets[END_REF]. They are supposed to reflect bone marrow capacity to produce platelets, and could be a surrogate marker for megakaryocytic activity [START_REF] Jimenez | Measurement of reticulated platelets by simple flow cytometry: An indirect thrombocytopoietic marker[END_REF].

A new automated method to reliably quantify reticulated platelets, expressed as the immature platelet fraction (IPF), is available on new generation haemocytometers. IPF is well correlated with reticulated platelets levels [START_REF] Pons | Correlation between immature platelet fraction and reticulated platelets. Usefulness in the etiology diagnosis of thrombocytopenia[END_REF]. Results are expressed as a percentage of total platelet count (IPF%), or as an absolute number (A-IPF).

Reference range and normal values of IPF among healthy subjects are not well-defined so far [START_REF] Joergensen | Reference intervals for mean platelet volume and immature platelet fraction determined on a sysmex XE5000 hematology analyzer[END_REF][START_REF] Jung | Immature platelet fraction: establishment of a reference interval and diagnostic measure for thrombocytopenia[END_REF][START_REF] Ko | Establishment of reference interval for immature platelet fraction[END_REF]. Furthermore, most of studies have been conducted on Sysmex XE haemocytometers.

There are few datas about IPF values on new generation Sysmex XN analysers, which demonstrated higher sensitivity and specificity for IPF% measurement [START_REF] Briggs | Performance evaluation of the Sysmex haematology XN modular system[END_REF]. One British study, involving 2366 adult patients, aimed to determine reference values for IPF on Sysmex XN-10 haemocytometers. Median IPF% was 4.4%, with a reference interval 1.6-10.1%, and median A-IPF was 10.88 x 10 9 /L (4.37-23.21). There was a significant difference between male and female; IPF 4.6% (1.8-10.0) for males and 4.3% (1.5-10.1) for females, but without any clinical relevance. There was no significant variation with age among adult patients [START_REF] Ali | Reference intervals for absolute and percentage immature platelet fraction using the Sysmex XN-10 automated haematology analyser in a UK population[END_REF]. It has been suggested a variation among populations, with lower IPF% values reported in Asian patients. Reference range was 0.7 -8.4% in a Chinese cohort [START_REF] Yang | Establishment of reference interval for immature platelet fraction using Sysmex XN9000 hematology analyzer in Anhui province in China[END_REF], and was 1-7.3 % in a Korean population [START_REF] Ko | Establishment of reference interval for immature platelet fraction[END_REF]. Median IPF% was 1.2 point higher and had wider distribution on Sysmex XN haemocytometers compared to XE analysers [START_REF] Ko | Establishment of reference interval for immature platelet fraction[END_REF]. IPF% also varies with platelet transfusions and with infections [START_REF] Briggs | Assessment of an immature platelet fraction (IPF) in peripheral thrombocytopenia[END_REF].

Nowadays, bone marrow (BM) aspiration is often performed to investigate thrombocytopenia.

It is easy to do and BM smear examination often provides a reliable diagnosis in a short time.

However, it is an invasive and painful procedure, that is also time-consuming. Sternal aspiration may result in severe complications such as pneumothorax or hemopericardial effusion, while posterior iliac crest aspiration can result in allergic reactions to local anesthesia, excessive bleeding, infection or long-lasting discomfort. Furthermore, assessment of megakaryocyte number and morphology can be difficult and its examination requires a well-trained cytologist.

There are numerous causes of thrombocytopenia, which are usually divided between central and peripheral mechanisms. Thrombocytopenia of central origin can be caused by extrinsic aetiologies such as drug toxicity, malnutrition with vitaminic loss, marrow sideration during severe infectious events, bone marrow metastasis, or by intrinsic aetiologies such as immune bone marrow failure, haematological malignancies (myelodysplastic syndromes (MDS)/acute leukemia (AL) or lymphoid malignancies with bone marrow involvement) or even congenital thrombocytopenias. Peripheral aetiologies include increased platelet destruction of immune origin, consumption during sepsis, hemorrhage or thrombotic microangiopathy and hypersplenism.

Several studies have suggested a role of IPF% in determining whether thrombocytopenia is due to bone marrow failure or increased peripheral destruction/loss, thus avoiding the need for BM aspiration. It has been shown that IPF% is lower when thrombocytopenia is induced by bone marrow failure. In most published studies, central thrombocytopenia are mostly caused by idiopathic aplastic anaemia or by chemotherapy; median IPF% ranges from 1.9 to 8.7 but these values are sometimes >10% [START_REF] Pons | Correlation between immature platelet fraction and reticulated platelets. Usefulness in the etiology diagnosis of thrombocytopenia[END_REF][START_REF] Jung | Immature platelet fraction: establishment of a reference interval and diagnostic measure for thrombocytopenia[END_REF][START_REF] Briggs | Assessment of an immature platelet fraction (IPF) in peripheral thrombocytopenia[END_REF][START_REF] Abe | A simple technique to determine thrombopoiesis level using immature platelet fraction (IPF)[END_REF]. The majority of peripheral thrombocytopenias are immune thrombocytopenias or caused by thrombotic thrombocytemic purpura (TTP); median IPF% is higher in those patients, ranging from 7.7 to 17.4%. Two studies have determined cut-offs to predict peripheral mechanism, which are 7.3 and 7.7%, with sensitivity of 54 and 87% and specificity of 92 and 93% respectively [START_REF] Jung | Immature platelet fraction: establishment of a reference interval and diagnostic measure for thrombocytopenia[END_REF][START_REF] Abe | A simple technique to determine thrombopoiesis level using immature platelet fraction (IPF)[END_REF]. However, most of the studies conducted so far have been done on old generation Sysmex XE haemocytometers. Furthermore, these studies are often monocentric, and these cut-offs have not been validated in multicentric studies.

The aim of this study was to evaluate how IPF could be used in management and diagnosis of thrombocytopenia of unknown origin. Our primary objective was to establish a cut-off value to distinguish peripheral from central mechanism of thrombocytopenia in a retrospective cohort. This cut off was then validated in three different French hospitals and finally, we tested this cut-off value in a prospective study.

Methods.

Measurement of platelet count and IPF%.

EDTA K2 anticoagulated whole blood samples were measured on the Sysmex XN-10 haematology analyser (Sysmex, Kobe, Japan). This analyser uses a specific channel (PLT-F) for IPF% measurement, as it is determined with a fluorescent method. This channel improves the gating of platelets with an algorithm using side fluorescence (reflecting RNA content), side scatter (intracellular structure) and forward scatter (cell sizer). Indeed, impedance platelet analysis (size) has limitations in the identification and discrimination of platelets from interfering particles with the same size (possible interferences with red blood cell fragments for example). RNA content and size are increased in immature platelets compared to their mature counterpart [START_REF] Sakuragi | Clinical significance of IPF% or RP% measurement in distinguishing primary immune thrombocytopenia from aplastic thrombocytopenic disorders[END_REF]. Mature platelets count is measured with the impedance method (PLT-I).

Control group.

Samples of venous whole blood routinely sent to our laboratory to assess full blood count were assayed for IPF measurement. Samples were collected on EDTA tubes and analyzed within 12 hours after collection. Indeed, it was previously demonstrated that IPF% is stable over time up to 72 hours, both at room temperature and at 4°C [START_REF] Briggs | Performance evaluation of the Sysmex haematology XN modular system[END_REF]. Subjects were recruited consecutively in our university hospital, among adult outpatient population with normal haematological findings. Subjects had normal full blood count, defined as follows: platelet count (PLT) 150-400 x10 9 /L; haemoglobin (Hb) 120-160g/L (females) and 130-180g/L (males); mean cell volume (MCV) 80-98 x10 -15 L: white blood count (WBC) 4-10 x10 9 /L; neutrophil count 1.5 -7 x10 9 /L; lymphocyte count 1.0-4.0 x10 9 /L; monocyte count <1 x10 9 /L; eosinophil count <0.5 x10 9 /L and basophil count <0.1 x10 9 /L. Exclusion criteria were: hospitalization in intensive care, surgery or cardiology units; conditions increasing platelet production such as ongoing or recent infectious or cardiovascular events, recent invasive procedure; abnormal full blood count; known thrombopathy.

Thrombocytopenic patients.

We analyzed, retrospectively at first, and then prospectively, IPF% values among consecutive adult patients with thrombocytopenia who underwent bone marrow aspiration. Decision to perform bone marrow aspiration was suggested by the treating physician, and validated by a haematologist. Only patients with an identified aetiology of thrombocytopenia were included.

Patients were included after obtaining informed consent (no ethical committee deliberation was needed). Exclusion criteria were paediatric patients with age <18 years old, myeloproliferative neoplasms (including primary myelofibrosis) and chronic myelomonocytic leukemia, thrombocytopenia due to multiple causes, or poor quality BM smears (hemodilution for example). Patients from the test cohort were initially recruited in our center, and the validation cohort was extended to two other French centers (Rouen University hospital and Dunkerque General hospital). Recruitment was performed similarly in the three centers.

Distinction between central and peripheral thrombocytopenia was based on bone marrow smears analysis, and defined by megakaryocyte density and presence or absence of dysmegakaryopoiesis: an increase of the number of megakaryocytes on bone marrow smears (more than two megakaryocytes per low-field (magnification x100)) defined PT, while a decrease of the number (one megakaryocyte per five to ten low-power fields) or an absence of megakaryocytes, along with cytological abnormalities, defined CT [START_REF] Houwerzijl | Ultrastructural study shows morphologic features of apoptosis and para-apoptosis in megakaryocytes from patients with idiopathic thrombocytopenic purpura[END_REF].

Statistical analysis.

Statistical analysis was performed using SPSS 22.0 software (IBM, New York, USA). Cut-off levels with associated sensitivity and sensibility were assigned and plotted in receiver operating characteristics (ROC) curves. The Student test was applied to compare categorical variables. A p value <0.05 (two-tailed) was considered statistically significant.

Results.

Control group.

We analyzed 307 adult subjects with normal haematological findings, recruited consecutively inside our university hospital, over one month. Median age was 59, range , 49.5% were females (n=152). Median platelet count was 254 x 10 9 /L, interquartile range [194 -314].

Median IPF% was 3.8%, interquartile range (IQR) 2.8 -5, range 0.7 -8.

Overall population.

Overall, 117 patients who underwent BM aspiration because of thrombocytopenia were included between May 2017 and April 2018. Patients were recruited in the test cohort between May 2017 and December 2017 and in the validation cohort between January to April 2018. Characteristics for each cohort are summarized in table 1. We did not observe adverse events due to bone marrow aspiration in our population.

Test cohort.

We included 45 patients from one center in this cohort (Table 1). In this population, median age was 59, range 18 -91, 44% were males. Thrombocytopenia was the sole abnormality in 11 patients (24%), or was associated with anaemia (n=22, 50%), isolated macrocytosis (n=1, 2%), neutropenia (n=2, 4%), or both (n=9, 20%).

Thrombocytopenia was peripheral (PT) in 33 patients (73%) and central (CT) in 12 (27).

Median platelet count was 33x10 9 /L, range 1-114; median PLT was 36 in the PT group and 29.5 in the CT group.

In the PT group, mechanisms for thrombocytopenia were platelet consumption (n=16, 36%), immunological destruction (n=15, 33%) or hypersplenism (n=2, 4%). In the CT group, diagnoses were aplastic anaemia (n=3, 7%), drug toxicity or malnutrition (n=4, 9%), severe sepsis in intensive care unit (n=4, 9%), absence of bone marrow recovery after stem cell transplantation (n=1, 2%). We considered severe sepsis as a cause of CT in our study because of the absence of megakaryocytes in bone marrow aspirations of these seven patients.

IPF% cut-off and ROC curve.

The aim of the test cohort was to determine an IPF% cut-off able to discriminate central from peripheral thrombocytopenia. Median IPF was 12% [1.5-37.8] in this population; IPF% was significantly higher in the PT group compared to the CT group, with median values of 15% 2.9-37.8 vs. 5% 1.5 -9.6], respectively (p<0.001) [Table 1].

We performed ROC curve analysis to determine the optimal cut-off to distinguish central and peripheral thrombocytopenias. With a cut-off value of IPF% ≥13%, specificity and predictive positive values (PPV) are 100%, sensitivity is 64% and negative predictive value (NPV) is 58% [Figure 1 andTable 2a].

Validation cohort.

This cut-off was then validated prospectively among 72 patients, recruited in three different centers (16 patients from Rouen University hospital, 8 from Dunkerque General hospital and 48 from Lille University hospital). In this population, median age was 60, range 19-90, 53% were males. Thrombocytopenia was the sole abnormality in 21 patients (30%). Mechanism was peripheral (PT) in 35 patients (48%) and central (CT) in 37 (52%). Median platelet count in the overall population was 27.5x10 9 /L, range 1-147; it was 16 in the PT group and 45 in the CT group. In the PT group, mechanisms for thrombocytopenia were platelet consumption (n=15, 21%), immunological destruction (n=19, 26%) or hypersplenism (n=1, 1%). In the CT group, diagnoses were acute myeloblastic leukaemia (n=9, 12%), acute lymphoblastic leukaemia (n=2, 3%), myelodysplastic syndrome (n=7, 11%), drug toxicity or malnutrition (n=11, 15%), severe sepsis (n=3, 4%), absence of bone marrow recovery after stem cell transplantation (n=1, 1%) and bone metastasis (n=3, 4%). 2b, all patients with an IPF% ≥13% had peripheral thrombocytopenia.

As shown in Table

Among the validation cohort, with a cut-off value of IPF% ≥13%, specificity and predictive positive values (PPV) were 100%, sensitivity was 69% and negative predictive value (NPV) was 77%.

Diagnostic value of IPF.

Median IPF was 10.1% [1.1-41.3] in the overall population; as shown in table 3, IPF% was significantly higher in the PT group than in the CT group, with median values of 15.8% 2.9-41.3 vs. 6.2% 1.1-12.7], respectively (p<0.001). Among PT and CT groups, Idiopathic Thrombocytopenic Purpura (ITP) and MDS/AL were the most frequent diagnoses, respectively. When comparing these subgroups, we found that IPF% was significantly higher in ITP patients than in MDS/AL patients, with median values of 16.4% [4.3-41.3] vs. 6.6% [1.2-12.3], respectively (p<0.001).

In our series of patients, 45 had peripheral thrombocytopenia and IPF ≥13%; bone marrow aspiration could have been avoided in those 45 patients, who represent 38% of overall population. This is particularly relevant in the subgroup of patients with isolated thrombocytopenia. Among these 32 patients, all except 2 were PT (one had AML with IPF=7.5% and the other had MDS with IPF=3,9%), and 21 had IPF ≥13%; bone marrow aspiration could have been avoided in 66% of these patients [Tables 2a andb].

Based on these results, we established a decisional flow-chart, detailed on Figure 2. Among adult patients with isolated thrombocytopenia, with no obvious aetiology and no history of congenital thrombocytopenia or myeloproliferative neoplasm, we suggest to first measure IPF%. If IPF is ≥13%, diagnosis of peripheral thrombocytopenia can be established and BMA can be avoided. If IPF is <13%, then BMA should be performed. When abnormal haematological findings are present, BMA should be performed. IPF% can be interesting in this setting if bone marrow smears analysis is inconclusive, or, if MDS is diagnosed, to find a peripheral component that participates to the thrombocytopenia.

Discussion.

Median IPF% was 3.8% in our control population, IQR 2.8-5, range 0.7-8. This is similar to reference values established in other centers on Sysmex XN haemocytometers, and to what has been reported so far [START_REF] Ali | Reference intervals for absolute and percentage immature platelet fraction using the Sysmex XN-10 automated haematology analyser in a UK population[END_REF].

An IPF% value ≥13% predicts a peripheral mechanism for thrombocytopenia among adult patients, excluding patients with myeloproliferative neoplasm or congenital thrombocytopenia. This cut-off is interesting, because of its high specificity and predictive positive value. To our knowledge, it is the only study where this cut-off was validated in several centers. In our series of patients, bone marrow aspirations could have been avoided in 45 patients (38%). It is even more relevant in patients with isolated thrombocytopenia. In this subgroup of patients, BM aspiration could have been avoided in 66% cases. Even though we did not observe any adverse events from BM aspiration, this is an invasive, painful procedure that is also time-consuming. We chose to consider PPV rather than NPV to predict PT because specificity and PPV were more important than sensitivity and NPV to use IFP as a tool for the diagnosis of this kind of thrombocytopenia.

We excluded MDS and AL patients from our test cohort, whether the diagnosis was already known or established after bone marrow smear examination, because of the multiple mechanisms of thrombocytopenia in these patients. Furthermore, several studies have reported high variability for IPF% values among patients with MDS or acute myeloid leukemia (AML). Median IPF% is 9.5-10%, with extreme values sometimes as high as 35-40% [START_REF] Cybulska | Measurements of immature platelets with haematology analysers are of limited value to separate immune thrombocytopenia from bone marrow failure[END_REF][START_REF] Cannavo | Assessment of an immature platelet fraction (IFP%) in the diagnosis of thrombocytopenia[END_REF]. Various mechanisms can be responsible for thrombocytopenia in MDS patients, such as inhibition of megakaryocytic differentiation by suppressive cytokines, enhanced Fasmediated apoptosis, or defective response to TPO [START_REF] Li | Thrombocytopenia in MDS: epidemiology, mechanisms, clinical consequences and novel therapeutic strategies[END_REF]. Defective platelet adhesion can lead to uncontrolled bleeding, which can aggravate a preexisting thrombocytopenia. Some MDS patients also have inflammatory or immune systemic manifestations; immunologic thrombocytopenia can also occur in those patients. These multiple mechanisms can explain the variability of IPF observed in MDS patients. For those reasons, we chose to exclude MDS/AL patients from our test cohort, in order to obtain a more homogeneous population. However, such patients were included in our validation cohort. In our study, IPF% values among MDS/AL patients were rather low, with median IPF% of 6.6% [1.2-12.3]. IPF% in MDS/AL patients was significantly lower when compared to ITP patients. ITP and MDS were two of the most frequent causes for thrombocytopenia in our population, and are two frequent diagnoses when thrombocytopenia occurs without obvious explanation in clinical practice. The estimated prevalence of thrombocytopenia in MDS, defined as a platelet count <100×10 9 /l, has been shown to range from 40 to 65% [START_REF] Kantarjian | The incidence and impact of thrombocytopenia in myelodysplastic syndromes[END_REF]. However, thrombocytopenia is rarely the only haematologic abnormality, and is often associated with other cytopenias or macrocytosis [START_REF] Waisbren | Disease characteristics and prognosis of myelodysplastic syndrome presenting with isolated thrombocytopenia[END_REF]. In those cases, bone marrow aspiration is always necessary for MDS diagnosis, and is mandatory for cytology examination, analysis of erythroid and granular lineages, and karyotype study along with molecular biology. However, when thrombocytopenia is isolated, and furthermore, if clinical context is supportive of peripheral thrombocytopenia (PT), %IPF should be used as a diagnostic tool of PT to avoid bone marrow aspiration. In MDS, isolated refractory thrombocytopenia (associated with clonal chromosome abnormalities) is a rare condition as it encounters for less than 1% of the cases [19][20].

It is not known if IPF is reliable in this population, and there have been conflicting results about diagnostic value of IPF% measurements in MDS patients [START_REF] Cybulska | Measurements of immature platelets with haematology analysers are of limited value to separate immune thrombocytopenia from bone marrow failure[END_REF][START_REF] Cannavo | Assessment of an immature platelet fraction (IFP%) in the diagnosis of thrombocytopenia[END_REF]. However, high IPF value in MDS patients could indicate peripheral thrombocytopenia, and we could hypothesize that these patients could benefit from treatments based of ITP management. However, this hypothesis would have to be confirmed in a larger population.

Another limitation is patients with congenital thrombocytopenia. In a series of 210 patients with congenital macrothrombocytopenia, which were mostly MYH9 and Bernard-Soulier syndromes, median IPF% was 29.8%, range 4.6-65.9 versus 12.3 range 2.4-65.6 for ITP [START_REF] Ferreira | Evaluation of the immature platelet fraction contribute to the differential diagnosis of hereditary, immune and other acquired thrombocytopenias[END_REF]. Data for other congenital thrombocytopenia are scarce. In one other study, IPF was 18% in ACTN1-related thrombocytopenia, 12.2 and 15.5% for two patients with αδ-storage pool disease; and 22.9% for variant form of Glanzmann thrombasthenia. These are examples of central thrombocytopenia with high IPF. Underlying mechanisms are unclear: high MPV, higher RNA content, increased platelet production, or premature blood release from bone marrow might all contribute to high IPF values in these patients. Familial history of thrombocytopenia, chronicity, high MPV, young age should alert the physician about IPF interpretation in this context.

Conclusion.

In conclusion, IPF is an interesting tool in the diagnosis of thrombocytopenia of unknown origin, especially when thrombocytopenia is isolated. An IPF% value ≥13% predicts a peripheral mechanism for thrombocytopenia (PPV=100%), making BM aspirations unnecessary in these patients. Interpretation should be cautious if MDS or congenital thrombocytopenia is suspected. IPF in patients with MDS could be used to guide therapy; IPF interpretation in the MDS setting should be investigated in larger studies.
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 12 Figure 1. ROC analysis for discrimination of central from peripheral thrombocytopenia