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Thrombocytopenia and the effect of platelet
transfusions on the occurrence of intracranial hemorrhage in patients
with acute leukemia – a nested case-control study

Loes L. Cornelissen1,2,3
& Aukje L. Kreuger1,3 & Camila Caram-Deelder1,3 & Rutger A. Middelburg1,3

&

Jean Louis H. Kerkhoffs1,4 & Peter A. von dem Borne5 & Erik A. M. Beckers6 & Karen M. K. de Vooght7 & Jürgen Kuball8 &

J. J. Zwaginga1,2 & Johanna G. van der Bom1,3

Received: 28 July 2020 /Accepted: 3 October 2020
# The Author(s) 2020

Abstract
We designed a study to describe the incidence of intracranial hemorrhage according to severity and duration of thrombocytopenia
and to quantify the associations of platelet transfusions with intracranial hemorrhage in patients with acute leukemia. In this case-
control study nested in a cohort of 859 leukemia patients, cases (n = 17) were patients diagnosed with intracranial hemorrhage
who were matched with control patients (n = 55). We documented platelet counts and transfusions for seven days before the
intracranial hemorrhage in cases and in a “matched” week for control patients. Three measures of platelet count exposure were
assessed in four potentially important time periods before hemorrhage. Among these leukemia patients, we observed the
cumulative incidence of intracranial hemorrhage of 3.5%. Low platelet counts were, especially in the three to seven days
preceding intracranial hemorrhage, associated with the incidence of intracranial hemorrhage, although with wide confidence
intervals. Platelet transfusions during the week preceding the hemorrhage were associated with higher incidences of intracranial
hemorrhage; rate ratios (95% confidence interval) for one or two platelet transfusions and for more than two transfusions
compared with none were 4.04 (0.73 to 22.27) and 8.91 (1.53 to 51.73) respectively. Thus, among acute leukemia patients,
the risk of intracranial hemorrhage was higher among patients with low platelet counts and after receiving more platelet
transfusions. Especially, the latter is likely due to clinical factors leading to increased transfusion needs.
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Introduction

Patients with acute leukemia frequently suffer from bleeding
events [1] of which intracranial hemorrhage (ICH) is one of
the most serious [2–5]. Reported incidences of (symptomatic)
intracranial hemorrhage vary between 2.8% up to 6.1% [2, 5,
6], and fatal intracranial hemorrhages explain more than 50%
of fatal bleedings among acute leukemia patients [7].

Acute leukemia patients may develop intracranial hemor-
rhage due to various causes. Besides risk factors that also play
a role in the general population, like age, hypertension, male
sex, and ethnicity [8–10], leukemia or cancer-specific risk
factors have been established. Among others, these are graft
versus host disease, hyperleukocytosis, and thrombocytopenia
[11–14]. Of these, the low platelet count is generally consid-
ered one of the most important risk factors for bleeding in
hemato-oncological patients. It is, however, not conclusively
established if, and at what platelet counts, the risk of intracra-
nial hemorrhage increases in this patient population [2, 5–7,
12, 15, 16]. Moreover, prolonged exposure to low platelet
counts (≤ 10 × 109/L) may be associated with even higher
bleeding risks [17, 18]. We hypothesized that longer periods
with low platelet counts as well as lower (through) platelet
counts can both determine an increasing risk of intracranial
hemorrhage. If these time and trough measures are stronger
associated with bleeding risk, this could have implications for
future treatment strategies.

To prevent bleeding, hemato-oncology patients with low
platelet counts are generally treated with prophylactic platelet
transfusions [19–21]. The trigger to transfuse is commonly set
at a platelet count of 10 × 109/L [22–24]. Prophylactic platelet
transfusions reduced the risk of bleedings in patients with a
World Health Organization (WHO) score of ≥ 2 [25] from 50
to 43% [26], with the most benefit for patients with acute mye-
loid leukemia or intensive chemotherapy treatment [16, 17, 27].
However, the large majority of bleeds is thus not prevented de-
spite platelet transfusions. This raises questions about the causes
of bleeding both when patients are treated with prophylactic
platelet transfusions and also when they are not. Interestingly,
recent high-level evidence suggests that among neonates and
among patients with hemorrhagic stroke, both prophylactic and
therapeutic platelet transfusionsmay increase the risk of bleeding
and/or mortality and morbidity [28, 29].

How exactly the depth and length of thrombocytopenia and
the given platelet transfusions interact andmodulate the risk of
critical bleeding like intracranial hemorrhage is presently
unknown.

Therefore, the objective of this exploratory study was to
describe the association of platelet counts assessed in several
time periods and severities with the incidence of intracranial
hemorrhage in acute leukemia patients. Also, we wanted to
examine the association between platelet transfusions and the
incidence of intracranial hemorrhage.

Methods

Case identification and control selection

We performed a matched case-control study nested in a cohort
of patients with acute promyelocytic leukemia, acute myeloid
leukemia, acute lymphoblastic leukemia, or myelodysplastic
syndrome in four hospitals in the Netherlands. Patients with
intracranial hemorrhage were identified via an algorithm
based on electronically available health care data [30].
Charts were reviewed to confirm the diagnosis and type of
hemorrhage. All patients with confirmed intracranial hemor-
rhage were potential case patients for our study. Potential
cases were excluded if no clinical data was retrievable, the
date of bleeding was unclear, it was not the first intracranial
hemorrhage, the diagnosis was unclear or unconfirmed, or if
there were no eligible control matches possible.

For each case, a minimum of one to a maximum of four
control patients was selected from the same cohort, based on
availability. The amount of four controls was chosen to ensure
optimal power [31]. Controls were matched to case patients
according to hospital, diagnosis, and indication for admission.
For diagnosis, matching was performed on both the disease, as
well as disease status (first diagnosis versus relapsed disease).
Control patients with MDS could be matched to a patient with
AML if the patient was treated according to an AML protocol,
suggesting progression to AML. Matching was performed for
several reasons. First, matching allows for correction of risk
factors for bleeding that might be difficult to correct for in the
unmatched analysis. Second, matching on the hospital was
performed to correct for confounders that cannot easily be
measured, for example, differences in local treatment
protocols.

Implicated time periods and data collection

We studied exposures (thrombocytopenia/platelet transfu-
sions) during the week preceding the event of intracranial
hemorrhage and defined four potentially implicated time
periods within that week: one, three, five and seven days
preceding the hemorrhage. Date of bleeding (called “in-
dex date”) was defined according to the date of cerebral
imaging as well as the date of neurological symptoms or
consultation from a neurologist. Figure 1 illustrates the
“implicated” periods for control patients, namely the
week that coincided with the implicated period of the
matched case patient on their timeline since the start of
treatment if the patient was currently admitted for che-
motherapy or stem cell transplantation. If the admission
indication was a complication of former therapy or dis-
ease, the implicated period was counted from the first
day of the current admission.
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We gathered laboratory data, transfusion data, and clinical
variables of all cases and controls from the medical files (see
online supplementary material).

Definitions of exposure categories for
thrombocytopenia

Three different measures of platelet count were defined to take
into account both severity and duration of thrombocytopenia
in the potential association between platelet count and intra-
cranial hemorrhage (Fig. 2). These three measures were all
assessed for each implicated time period.

First, the presence of one or more nadir platelet counts of
≤ 10 × 109/L for each implicated period was assessed. As
we were studying a seven-day period, a patient with at

least one platelet count ≤ 10 × 109/L could have between
one and seven low platelet counts; for the five-day period,
the value varied between one and five, etc.
Second, the presence of one or more nadir platelet counts
of ≤ 10 × 109/L for each implicated period was
investigated.
Third, we calculated the percentage of hours with a plate-
let count ≤ 20 × 109/L. All platelet counts measured were
put on a timeline. Any change in platelet counts, between
two measured platelet counts, was assumed to be linear.
Between actual platelet count measurements, for each
hour, the expected platelet count was interpolated. This
led to an (expected or truly measured) platelet count for
each hour a patients was followed. We investigated the
percentage of hours with a platelet count below ≤20 x10 /L

Fig. 1 Design: implicated time periods. t0 = first day of treatment if
indication for admission was chemotherapy or stem cell transplantation
or day of admission if indication for admission was a complication of

former treatment or disease. tn = index day: day of intracranial
hemorrhage for cases and corresponding day for controls. Matching
was performed for hospital, diagnosis and indication for admission

Fig. 2 Defined measures of platelet count. Example data, for explanation
of the used platelet count measures that are defined. All measures are
obtained for all three predefined implicated time periods, but only the
7-day period is graphically presented. Panel a: platelet measure of at least
one platelet count ≤ 10 × 109/L or ≤ 20 × 109/L. Dots represent platelet
counts at different days. Persons in red have at least one platelet count
below the threshold of ≤ 10 × 109/L. Persons in blue have at least one
platelet count within ≤ 10 × 109/L and ≤ 20 × 109/L and persons in green
have no platelet counts below both thresholds. For the platelet measure of
at least one platelet count ≤ 10 × 109/L, persons in red were analyzed as
“yes,” and for the platelet measure of at least one platelet count within ≤
20 × 109/L, persons in red and blue were analyzed as “yes.” Panel b:
platelet measure of the percentage of hours with a (expected) platelet

count ≤ 20 × 109/L. In the graph, dots represent truly measured platelet
counts and the gray areas are the implicated time periods with such a
(expected) platelet count. For every patient, a timeline was made of all
present platelet counts per implicated time period. We assumed a linear
relation between the platelet count within 2 consecutive measurements,
lines were therefore interpolated. For every hour between the first and the
last measurement of platelet count, the expected measured platelet count
was calculated. The percentage of hours with a (expected) platelet count
≤ 20 × 109/L was calculated afterwards. The reason we chose for hours ≤
20 × 109/L, instead of the more clinical used trigger of hours below ≤
10 × 109/L, was that we anticipated that the percentage of hours below ≤
10 × 109/L would be very small since this is a transfusion indication.
Thus, it would lead to non-positivity
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We intended to study the percentage of days ≤ 10 × 109/L, but
too few patients had several days with platelet count ≤ 10 ×
109/L.

Measures of platelet transfusion

To provide an estimate of the association between platelet
transfusions and the occurrence of intracranial hemorrhage,
we categorized the number of platelet transfusions (no trans-
fusions, 1–2 transfusions, > 2 transfusions) per period. These
categories were selected since for intensively treated patients’
1–2 platelet transfusions a week were expected to be a normal
amount. Also, we explored the sum of platelet transfusions as
a continuous variable per implicated period.

Statistical analyses

We used conditional logistic regression models, which adjusts
for matching variables, to assess the associations of the different
measures of thrombocytopenia with the incidence of intracranial
hemorrhage. In the adjusted analyses, we adjusted for one poten-
tial confounding variable at the time. Since incidence-density
sampling was used for the selection of controls, odds ratios were
interpreted as incidence rate ratios (RR) [32]. Because patients
admitted for other indications then chemotherapy or SCT were
more likely to have higher platelet counts, a post hoc sensitivity
analysis was performed excluding patients who were admitted
for another reason then chemotherapy or SCT.

Also, for both categorical and continuous measures of
platelet transfusions, conditional logistic regression was per-
formed to assess the association between platelet transfusion
and intracranial hemorrhage. This was adjusted for the differ-
ent measurements of platelet counts that were defined.

Clinical factors can confound the association with intracranial
hemorrhage. This was assessed via multivariable conditional lo-
gistic regression. The models combined one defined measure of
platelet count or platelet transfusionwith one clinical variable at a
time.

Given that our sample size is small, the analyses are
exploratory.

Ethical considerations

The medical ethical committee of the LUMC waived the need
for informed consent (see Compliance with ethical standards).

Results

Characteristics of the study population

We identified 30 patients who had suffered an intracranial
hemorrhage within the cohort of 859 patients with leukemia

(cumulative incidence 3.5%). Thirteen patients had to be ex-
cluded from the predefined reasons presented in Fig. 3.
Eventually, 72 patients (17 cases and 55 controls) were ana-
lyzed in the case-control study.

Distribution of values of matching variables and general
characteristics across case and control patients is presented in
Table 1. In the case patients, acute myeloid leukemia was the
most frequent diagnosis (65%) andwith 77%, themost frequent
indication for admission was remission induction chemothera-
py. The relapsed disease occurred in 29% of case patients;
others had the first diagnosis. Due to frequency matching, a
direct comparison between these percentages with percentages
of matched, selected controls is not appropriate. The type of
intracranial hemorrhage was most often intracerebral or subdur-
al (both 35%). One patient suffered a subarachnoid hemorrhage
(6%). Of the combined bleedings (24%), three patients had an
intracerebral and subarachnoid hemorrhage, and one patient
suffered from intracerebral and subdural hemorrhage. Two pa-
tients were prescribed tranexamic acid in the seven-day impli-
cated period: one case patient and one control.

In total, 482 platelet count tests were performed for all
cases and controls in the implicated seven-day periods; of
these, 56 (11.6%) were ≤ 10 × 109/L (from a total of 27 of
72 included patients) and 138 (28.6%) were ≤ 20 × 109/L
(from a total of 43 of 72 included patients). Numbers of cases
and controls with low platelet counts per implicated periods
are given in Table 2.

The median number of platelet transfusions per implicated
period is presented in Table 3. For the seven-day period, cases
had a median of three transfusions (range 0 to 12) and con-
trols, a median of one transfusion (range 0 to 9). Other platelet
product characteristics are presented in the supplementary ma-
terial (Table S1). In total, case patients received 95 platelet
transfusions, and control patients 107. Besides a higher total
percentage of irradiated platelet products in the case patients
(51.6% versus 38.3% in control patients), platelet product
characteristics did not differ relevantly between cases and
controls.

Platelet count and the incidence of intracranial
hemorrhage

To assess the impact of thrombocytopenia on intracranial
hemorrhage for the four implicated time periods, we correlat-
ed our three defined measures of platelet count with the inci-
dence of intracranial hemorrhage (Table 2).

When thrombocytopenia was defined as one or more count
≤ 10 × 109/L, we observed that during the three, five and
seven-day periods, the incidence of intracranial hemorrhage
was higher after occurrence of such low platelet counts. For
one or more count ≤ 20 × 109/L, the association was present in
all implicated periods. However, the confidence intervals are
mostly very wide, compatible with the possibility of the true
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association showing both higher and lower incidences. When
we assessed the association between the occurrence of one or
more platelet count below 10 × 109/L and intracranial hemor-
rhage in the seven-day period, we found an incidence rate ratio
(RR) of 1.79 (95% confidence interval (CI) 0.50 to 6.39). In
case of one or more platelet counts below 20 × 109/L during
the seven-day period, the RR was 4.21 (CI 0.83 to 21.26),
meaning that patients with at least one platelet count below
20 × 109/L most likely had a 4.21 higher rate of intracranial
hemorrhage compared with patients with no platelet counts
below 20 × 109/L. For all the other time periods, RRs and
CIs are given in Table 2.

Low platelet counts often lead to transfusion, meaning that
the occurrence of low trough levels as assessed above does not
take the precise time of deep thrombocytopenia into account.
To assess the impact of the amount of time with thrombocyto-
penia, we next assessed the association between the percentage
of hours with a platelet count ≤ 20 × 109/L with the occurrence
of intracranial hemorrhage. Since platelet count was not deter-
mined every hour, the percentage of hours with a platelet count
≤ 20 × 109/L was calculated after interpolation of truly mea-
sured platelet counts leading to an estimated measure per hour
(see Fig. 2). For the seven-day period, patients with 100% of
hours at a platelet count ≤ 20 × 109/L had a 1.86 (CI 0.30 to
11.57) higher rate of intracranial hemorrhage (reference 0%).
This is the RR for 100% of the hours; for smaller percentages of
hours, this RR can be calculated. For example, for a patient with
25% of hours at a platelet count ≤ 20 × 109/L, the RR would be

1.860.25 = 1.17. RRs for the other implicated periods for all
three measures of a platelet count are shown in Table 2.

Most studies investigating bleeding risk in hemato-
oncology patients take only patients receiving active treatment
into account, not also patients who are admitted for treatment
or disease-related complications. We did include the latter
patient population, and to see if this affected our results, a post
hoc sensitivity analysis excluding patients with other indica-
tions for admission then chemotherapy or stem cell transplan-
tation was performed. This did not relevantly change the RRs
for platelet count in intracranial hemorrhage (online supple-
mentary material: Table S2).

Since there are potential confounding clinical factors that
can influence the association of platelet count with intracranial
hemorrhage, as predefined additional analysis, we corrected
all analysis above for these variables that were collected from
the electronic patient files. Table S3 (online supplementary
material) presents this corrected RRs for the association of
the differently defined measures of platelet count with the
incidence of intracranial hemorrhage. Overall, results did not
differ relevantly and/or consistently over the time periods.

Platelet transfusions and the incidence of intracranial
hemorrhage

Our findings indicated that the incidence of intracranial hem-
orrhage was higher in patients who had received platelet trans-
fusions (Table 3). The RRs for 1–2 platelet transfusions

Fig. 3 Flowchart. Inclusion period differed per hospital: hospital A
June 2011 until March 2017, hospital B January 2010 until December
2015, hospital C January 2010 until December 2015, hospital D Jan 2013
until December 2015. Reasons for exclusion of 13 cases are specified.
Unclear date of bleeding was encountered for example when a patient
entered the hospital with non-acute neurological symptoms and intracra-
nial hemorrhage was found on the day of admission. One patient exclud-
ed for unclear diagnosis never had a pathology result before death; one

patient was initially diagnosed as acute leukemia but later classified as
lymphoma. One patient had a second intracranial hemorrhage, which
already altered transfusion policies. For one case with a double diagnosis
of leukemia and intracerebral lymphoma, no eligible match was found.
Finally, four patients had a combination of above reasons. If more than
four eligible controls were identified, controls closest to the case in cal-
endar time were selected
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compared with 0 were between 2.16 (CI 0.37 to 12.55) and
4.04 (CI 0.73 to 22.27) for the different implicated periods.
The latter, for example, is the RR for the seven-day implicated
period, indicating that the most likely incidence of intracranial
hemorrhage for a patient who received 1 or 2 transfusions was
4.04 higher compared with a patient without platelet transfu-
sions. For patients who received > 2 platelet transfusions, RRs
differed between 8.12 (CI 0.80 to 82.20) and 13.11 (CI 1.91 to
90.03) for the different implicated periods, so the incidence of
intracranial hemorrhage was up to 13.11 times as high in pa-
tients who received more than two transfusions compared
with none.

Platelet transfusions are given in case of low platelet
counts; therefore, they might be seen as a surrogate marker
for thrombocytopenia. To assess if associations between plate-
let transfusion and intracranial hemorrhage were also indepen-
dent of platelet counts, we adjusted for our defined measures
of platelet count. The risk of increasing numbers of platelet
transfusions on intracranial hemorrhage mostly stayed stable
or increased in the case of one or more platelet counts ≤ 10 ×
109/L and percentage of hours with a platelet count ≤ 20 × 109/

L. RRs decreased in the case of one or more platelet counts ≤
20 × 109/L, but the direction of the effect stayed the same (one
or more platelet counts ≤ 10 × 109/L: see Table 3, other mea-
sures of platelet count: see online supplementary material,
Table S4). As an additional explorative and predefined anal-
ysis, we assessed if the association was similar when looking
at the number of transfused platelets on a continuous scale,
instead of the categorical scale. For all investigated implicated
periods, the incidence rates of intracranial hemorrhage were
higher with an increasing number of units of transfused plate-
lets (see online supplementary material: Table S5). The RRs
ranged between 1.48 (CI 1.06 to 2.07) and 2.46 (CI 1.02 to
5.91) within the periods. These RRs are for one additional
transfusion and increase rapidly if more transfusions are giv-
en. To illustrate, the crude RR for the 7-day period of 1.48 was
for one additional platelet transfusion, if a patient had 2 plate-
let transfusions, the rate ratio would be 1.482 = 2.19, for 3
transfusions 1.483 = 3.24, etc.

Finally, since we expected that clinical conditions might
influence the found associations, we also explored if the
RRs for the association between platelet transfusion and intra-
cranial hemorrhage were affected by potential confounders
(see online supplementary material: Table S6). Adjustment
for some clinical variables did decrease or increase the inci-
dence rate ratio in a potentially relevant manner, which
showed consistent directions within implicated periods. This
means that the variables, fever, presence of a trauma like a fall
or procedure, presence of non-intracranial bleedings, and us-
age of antiplatelet or anticoagulant medication, were poten-
tially relevant confounding variables based on our data.

Discussion

In this case-control study among leukemia patients, we ob-
served that one or more platelet counts below thresholds of
both 10 × 109/L and 20 × 109/L, and an increasing percentage
of hours below 20 × 109/L was associated with intracranial
hemorrhage, especially when low platelet counts occurred
more than one day before the event of the hemorrhage.
However, the estimates of these associations lacked precision.
Platelet transfusions were also associated with the occurrence
of subsequent intracranial hemorrhage; these estimates of as-
sociation were likewise imprecise.

The point estimates of the association between all the de-
fined measures of low platelet counts and the incidence of
intracranial hemorrhage show a clear trend of higher inci-
dences of intracranial hemorrhage when platelet counts are
low. The most likely rate ratios are especially increased if
platelet counts were low at three, five or seven days before
the hemorrhage. In contrast, no increased incidence is seen in
the period of 1 day before hemorrhage for two out of our three
defined measures of platelet count. Although almost all point

Table 1 Characteristics of the study population*

Matching variables Cases n = 17 Controls n = 55 Total n = 72

Diagnosis

ALL 5 (29) 19 (35) 24 (33)

AML/MDS 11 (65) 35 (64) 46 (64)

APL 1 (6) 1 (2) 2 (3)

First diagnosis or recurrent disease

First diagnosis 12 (71) 46 (84) 58 (81)

Relapsed disease 5 (29) 9 (16) 14 (19)

Treatment phase

Remission induction 13 (77) 47 (86) 60 (83)

Consolidation
therapy

1 (6) 1 (2) 2 (3)

Allogeneic SCT 1 (6) 1 (2) 2 (3)

Other 2 (12) 6 (11) 8 (11)

Non-matching variables

Sex

Female 8 (47) 21 (38) 29 (40)

Male 9 (53) 34 (62) 43 (60)

Age§ 65 (52 to 70) 57 (42 to 68) 58 (43 to 68.5)

Death† 8 (47) 5 (9) 13 (18)

*Values are numbers (percentage of total) unless specified differently
§ Age in years, median (IQR)
†Mortality not specific to bleeding (all-cause mortality)

Since controls are matched to cases, numbers presented for controls are
dependent on control selection and therefore cannot be compared with
numbers presented for cases

ALL, acute lymphoid leukemia; AML, acute myeloid leukemia; MDS,
myelodysplastic syndrome; APL, acute promyelocytic leukemia; SCT,
stem cell transplantation
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estimates go in the same direction, and an increased incidence
of intracranial hemorrhagewhen platelet counts are low is thus
most likely, the confidence intervals are wide, due to low
numbers of patients. This means that the true effect size could
lay in a wide range of values, from strongly harmful to even
protective.

Quantitative evidence on the association between plate-
let counts and the occurrence of intracranial hemorrhage
among patients with leukemia is scarce. Some reports fo-
cused on fatal intracranial hemorrhage [2, 5–7, 15]. One
study did find an association between thrombocytopenia
and the occurrence of intracranial hemorrhage in a subgroup

of post-allogeneic stem cell transplantation patients [12].
Two RCTs investigated the effect of prophylactic platelet
transfusions on the occurrence of bleeding. Therapeutically
treated patients had lower platelet counts compared with
prophylactically transfused patients. One RCT did not find
a difference in the occurrence of grade 3 and 4 bleedings
(including intracranial hemorrhage) [26] while the other did
see more intracerebral hemorrhage in the therapeutically
transfused group [16]. However, the latter RCT had a dif-
ferent CT scan policy for both study arms, which likely
reduced the number of confirmed intracranial hemorrhage
in the control arm.

Table 2 Presence of low platelet
count measures in case-control
population and rate ratios for as-
sociations between three different
measures for low platelet count
and the incidence of intracranial
hemorrhage during the next one,
three, five and seven days among
patients with acute leukemia

Platelet count Implicated time
period

Cases n = 17‡ Controls
n = 55‡

RR (95% CI)

One or more platelet counts
≤ 10 × 109/L

1 day 1 (6%) 5 (9%) 0.67 (0.06 to
7.00)

3 days 6 (35%) 12 (22%) 1.94 (0.44 to
8.56)

5 days 7 (41%) 17 (31%) 1.66 (0.41 to
6.79)

7 days 8 (47%) 19 (35%) 1.79 (0.50 to
6.39)

One or more platelet counts
≤ 20 × 109/L

1 day 8 (47%) 13 (24%) 3.64 (0.91 to
14.58)

3 days 10 (59%) 22 (40%) 2.33 (0.63 to
8.62)

5 days 13 (76%) 27 (49%) 5.47 (1.08 to
27.75)

7 days 13 (76%) 30 (55%) 4.21 (0.83 to
21.26)

Percentage of hours platelet count
≤ 20 × 109/L

1 day 6% (0% to
78%)

0% (0% to
100%)

1.01 (0.21 to
4.88)

3 days 38% (0% to
51%)

0% (0% to
69%)

0.86 (0.16 to
4.47)

5 days 28% (3% to
36%)

0% (0% to
43%)

1.90 (0.34 to
10.79)

7 days 22% (2% to
33%)

4% (0% to
41%)

1.86 (0.30 to
11.57)

‡For one ormore platelet counts ≤ 10 × 109 /L or ≤ 20 × 109 /L, the numbers represent the number of distinct cases
or controls with platelet count measurements below 10 and 20 and the percentage according to the total of cases or
controls. For percentage of hours platelet count ≤ 20 × 109 /L, the numbers represent the median and interquartile
range

One or more platelet counts ≤ 10 × 109 /L: measure that describes the presence of at least one platelet count ≤ 10 ×
109 /L within every defined implicated time period

One or more platelet counts ≤ 20 × 109 /L: measure that describes the presence of at least one platelet count ≤ 20 ×
109 /L within every defined implicated time period

Percentage of hours platelet count ≤ 20 × 109 /L: the percentage of the number of hours that platelet count was ≤
20 × 109 /L from the total number of hours between the first and last measurement of platelet count in each
implicated time period. To calculate the number of hours with a platelet count ≤ 20 × 109 /L, a linear trend within
two actual measurements was assumed and for every hour, the expected platelet count was interpolated. The
percentage of hours with a platelet count ≤ 20 × 109 /L is a measure that describes duration of thrombocytopenia

Presented RRs are for a personwith 100% of hours ≤ 20 × 109 /L, compared with 0%of hours. In the 7-day period,
for a patient with 25% of hours with a platelet count ≤ 20 × 109L /, the RR would be 1.860.25 = 1.17; for a patient
with 50% of hours with a platelet count ≤ 20 × 109 /L, the RR would be 1.860.50 = 1.36; for 75% of hours ≤ 20 ×
109 /L, it would be 1.860.75 = 1.59, etc.
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Moreover, most studies describe associations of bleeding
with platelet counts of only one day or do not clarify fully
which platelet counts are taken into consideration for the anal-
ysis. However, it has also been suggested that there may be a
longer lag time before low platelet counts can lead to bleeding
[18]. Our results suggest that potentially prolonged thrombo-
cytopenia (3 to 7 days) is leading to more intracranial hemor-
rhages. Our study is as far as we know the first to define
several implicated periods and several measures of platelet
count, to investigate the association between both time and
trough of low platelet counts and intracranial hemorrhage.

Platelet counts are not surprisingly strongly related to plate-
let transfusions in this patient population. Low platelet counts
lead to transfusions, and transfusions affect future platelet
counts. Since in this study we also saw an association between
platelet transfusions and intracranial hemorrhage, ideally you
would like to adjust for the potential confounding effect of
platelet transfusions. However, this is extremely difficult,
even if one would have a large dataset, given that platelet
counts and platelet transfusions are so strongly interdepen-
dent, and that multiple platelet counts, and transfusions would
need to be considered (see online supplementary material: fig.
S1). In our small sample size, such corrections are impossible.

In the present study, also platelet transfusions were associated
with an increased incidence of intracranial hemorrhage, especial-
ly when > 2 transfusions were given in an implicated period.

Since low platelet counts are often the reason for platelet
transfusion, we aimed to correct for the defined measures of
platelet count. Due to the fact that patients often had multiple
transfusions and multiple platelet count determinations, a

reliable and complete correction is again not possible in our
dataset. Nevertheless, by adding the different defined mea-
sures of platelet count into the model, we see that this did
not influence the observed association between platelet trans-
fusion and intracranial hemorrhage in our study. Therefore,
we infer that it seems plausible that the need for platelet trans-
fusions or platelet transfusions itself in the circumstances
where they are frequently neededmight increase the incidence
of intracranial hemorrhage and that this is at least partly inde-
pendent of platelet counts. However, other clinical factors that
lead to an increasing need for platelet transfusions, for exam-
ple, conditions leading to increased platelet consumption, are
very likely responsible for the latter observed association with
intracranial hemorrhage. To investigate the impact of such
potential confounding clinical conditions, we corrected them
by adding relevant clinical factors in the regression model.
Indeed, we identified anticoagulation/antiplatelet therapy and
other (non-intracranial) bleeding events as possible con-
founders. These were also previously suggested to increase
bleeding risk in hemato-oncology patients [22]. For causal
interpretation, an extensive multivariable model in an individ-
ual patient data meta-analysis of studies like ours would be
essential allowing adjustment for all confounding. Besides
confounding, the observed association between platelet trans-
fusions and intracranial hemorrhage may also be due to rela-
tive functional defects of the transfused platelets. Platelet con-
centrates are known to develop storage lesions, which can lead
to reduced platelet quality [33, 34]. Moreover, one could ar-
gue that the transfusions contribute to intracranial hemorrhage
by other mechanisms. Platelets do not only act in primary

Table 3 Crude and adjusted rate ratios for the association between platelet transfusions and the incidence of intracranial hemorrhage among patients
with acute leukemia

Implicated time
period

Number of platelet
transfusions*

Platelet
transfusions

RR (95% CI)

Cases
(n = 17)

Controls
(n = 55)

Category Crude Adjusted for one or more platelet counts
≤ 10 × 109/L

1 day 0 (0 to 2) 0 (0 to 2) 0 Ref Ref

1 to 2 3.86 (1.08 to 13.79) 4.50 (1.20 to 16.90)

> 2 - -

3 days 2 (0 to 4) 0 (0 to 5) 0 Ref Ref

1 to 2 2.32 (0.60 to 9.01) 2.36 (0.54 to 10.40)

> 2 8.12 (0.80 to 82.2) 8.27 (0.73 to 93.51)

5 days 3 (0 to 9) 1 (0 to 7) 0 Ref Ref

1 to 2 2.16 (0.37 to 12.55) 2.21 (0.32 to 15.23)

> 2 13.11 (1.91 to
90.03)

13.36 (1.78 to 100.28)

7 days 3 (0 to 12) 1 (0 to 9) 0 Ref Ref

1 to 2 4.04 (0.73 to 22.27) 4.09 (0.70 to 23.85)

> 2 8.91 (1.53 to 51.73) 9.02 (1.47 to 55.49)

*Platelet transfusions, median (range): number of platelet transfusions received by case and control patients per implicated period
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hemostasis but also have immunomodulatory functions.
Inflammation is likely to influence bleeding risks, especially
in thrombocytopenic conditions [17, 35–39]. The idea that
platelet transfusions lead to adverse outcomes is indeed re-
ported by two RCTs, both showing adverse effects on mor-
bidity and mortality in very different patients’ populations,
namely patients with a hemorrhagic cerebral vascular accident
while using antiplatelet agents and thrombocytopenic neo-
nates [28, 29]. The mechanisms behind these findings, how-
ever, are unclear. Finally, the observed associations could also
be due to chance.

Strengths and limitations

A strength of this study is the matching of case and control
patients on diagnosis and treatment. This allowed adjustment
for these important known risk factors for this rare, but feared,
bleeding complication.

Also, matching on the hospital was performed to correct for
confounders that are not easily quantified, like differences in
local treatment policies. Additionally, we matched case and
control patients on time after starting a treatment or after the
admission date. During admission, a leukemia patient is likely
exposed to different platelet counts and other clinical risk fac-
tors, mostly determined by the exposure to intensive
cytoreductive treatment. By matching case and control pa-
tients on time after therapy/admission, we minimized con-
founding by direct treatment effects.

Another asset of the study is the completeness of informa-
tion for our main variables, namely platelet counts and platelet
transfusions. A strong feature of the study is that we examined
multiple measures of platelet counts during a week before the
intracranial hemorrhage. With these different measures, we
could explore various possible influences of thrombocytope-
nia, like trough level and duration, on the incidence of intra-
cranial hemorrhage during one, three, five and seven days
before the hemorrhage. To the best of our knowledge, this
has not been performed in other studies.

Finally, our study may be a novel framework which en-
ables taking time aspects and thrombocytopenia severity into
account. Our nested case-control study, that to our knowledge
was not applied before, allowed exploration of effects of time
and severity, via defining various implicated time periods for
multiple measures of the exposure on the outcome intracranial
hemorrhage.

Our study has also some limitations. First, our sample size
was too small to assess some potentially interesting and rele-
vant measures of platelet count. Since patients are transfused
as soon as platelet counts drop below 10 × 109/L, the time
below this value could not be sufficiently assessed. Even with
a larger study population, the frequent transfusions would
likely still minimize the amount of time ≤ 10 × 109/L.
Therefore, although this cutoff point is the most widely used

transfusion trigger, we could not assess the effect of time
below 10 × 109/L on the occurrence of intracranial
hemorrhage.

Furthermore, as discussed earlier, due to the small sam-
ple size, we could only correct for one variable at the
time. Therefore, by the lack of multivariate analysis, re-
sidual confounding remains. While we aimed to assess
causality, although proving causality is never possible
[40, 41], all results have to be interpreted as hypothesis
generating only. Confirmation in larger studies will be
necessary, although challenging due to the rarity of intra-
cranial hemorrhage. In addition, biological mechanisms
should be investigated.

Also, we may have missed patients that acutely died due to
severe intracranial hemorrhage, leading to potential bias.
These patients remain undetected in the applied algorithm
due to the absence of laboratory or additional diagnostics.
The number of these missed patients is likely to be very lim-
ited. So, a relevant change of the findings is not to be expect-
ed, except for inducing a lower incidence of intracranial hem-
orrhage. Finally, given the retrospective nature of collecting
data, it was not always possible to distinguish if platelet trans-
fusions were truly prophylactic. Transfusion triggers were of-
ten not recorded clearly and might have been higher than 10 ×
109/L in case of an assumed higher bleeding risk [22–24].
Possibly also some therapeutic transfusions might have been
included if they were actually given for an unrecorded (prob-
ably minor) bleeding event. Patients who already need thera-
peutically platelet transfusions have proven to be more prone
to bleeding and thereby are likely to also have a higher risk for
intracranial bleeding.

Conclusion

In summary, we quantified the association between low plate-
let counts and the incidence of intracranial hemorrhage in
leukemia patients. Longer periods of thrombocytopenia were
associated with a higher risk.

The number of administered platelet transfusions was also
associatedwith intracranial hemorrhage. Incidences especially
increased for patients receiving > 2 platelet transfusions.
Nonetheless, this study cannot imply any causality between
the platelet transfusion and intracranial hemorrhage. More
likely, our findings suggest that there is an association be-
tween platelet transfusion and other clinical risk factors that
lead to an increased transfusion need. Indeed, this observed
association should not lead to withholding prophylactic plate-
let transfusions. Future research needs to establish whether
and when platelet transfusions or other possible preventive
measures provide protection against intracranial hemorrhage
among patients with leukemia or not.
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