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SUMMARY
Background—The pathophysiology of sickle cell disease (SCD) is complex, with increasing
evidence of a pronounced prothrombotic state.

Objective—We investigated thrombin generation in SCD utilizing calibrated automated
thrombography (CAT) and Ddimer, with subsequent correlation to clinical disease.

Patient/Methods—The study included 51 patients homozygous for hemoglobin S, either
admitted for vaso-occlusive crisis (VOC) (n=34) or while in steady state and being seen in
outpatient clinic (n=37). Twenty patients had blood drawn during both VOC and steady state.
Mean values for CAT and D-dimer were compared between groups. Mean values for patients with
and without clinical complications such as avascular necrosis and stroke were also compared.
Linear regression was used to evaluate correlation to number of hospitalizations and for all
pediatric patients, transcranial doppler (TCD) velocities.

Results—The mean D-dimer during VOC (2743 ± 3118 ng/ml) was significantly higher than
during steady state (1151 ± 802, p<0.0001). Comparison of crisis and steady state by CAT also
revealed a significant difference in all phases of thrombin generation, including mean endogenous
thrombin potential (1381 ± 295 nM vs 923 ± 316, p<0.0001) and peak thrombin generated (284 ±
9 vs 223 ± 18, p=0.0002). There were no significant differences in mean values for the clinical
outcomes examined in adults. In pediatric patients, however, increased TCD velocities correlated
with steady state Ddimer (r2=0.32, p=0.02) and thrombin-antithrombin complex (r2=0.28, p=0.04.

Conclusion—Hypercoagulable markers distinguish between patients with SCD during and
between VOC, but do not correlate with specific clinical phenotypes.
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INTRODUCTION
Sickle cell disease (SCD) is one of the most common inherited diseases worldwide and the
most common inherited blood disorder within the United States. Patients with SCD
experience both large and small vessel occlusions leading to end-organ damage and
complications such as avascular necrosis (AVN), cerebral vascular accidents, and acute
chest syndrome[1]. These vaso-occlusive events are likely multifactorial and result from
various processes, including: reduced red cell deformability[2]; abnormal red cell adhesive
properties[3, 4]; intimal proliferation[5]; and a chronically activated coagulation pathway.

Numerous studies provide laboratory evidence of a hypercoagulable state in patients with
SCD[6–9]. This hypercoagulable state has been documented by various abnormalities of
cytokines, coagulation markers, and increased phosphatidylserine exposure[10]. An
important component of the hypercoagulable state is increased thrombin production, and
recent evidence also reveals that procoagulant microparticles play an important role in
thrombin production[11]. This accentuated thrombin production is supported by findings of
an elevated D-dimer, thrombin-antithrombin complex (TAT) and prothrombin fragment 1.2
in steady state[12]. Subsequent studies have also determined that this hypercoagulable state
increases further during sickle cell crisis[8]. An increased plasma D-dimer, prothrombin
fragment 1.2, and TAT complexes during an acute vaso-occlusive crisis (VOC)[10] are also
suggestive of thrombin generation as a potential role in the pathophysiology of VOC. Global
assays, such as calibrated automated thrombography (CAT), have recently become available
to evaluate time dependent changes in the hemostatic system during clotting, and give a
unique perspective to thrombin generation in diseases such as SCD. CAT allows an
improved ability to determine thrombin generation and thrombin kinetics as well as
potentially act as an indicator of the microparticle environment[13].

We postulated that we could use global assays such as the calibrated automated
thrombography (CAT) to document more specific changes in thrombin generation that occur
in patients with SCD during crisis and steady state. Furthermore, we sought to identify age
related changes in thrombin generation as seen in other chronic disease[14, 15] and evaluate
potential correlations with clinical disease outcomes such as AVN, stroke, number of
hospitalizations, and transcranial doppler (TCD) velocities.

DESIGN AND METHODS
Patients

Adult and pediatric patients greater than 4 years of age with SCD (type SS) were approached
either during a hospitalization for pain crisis or during outpatient visits for steady state.
Hospitalized patients were enrolled and provided blood samples within 36 hours of
admission. Patients enrolled during outpatient visits were confirmed to be at baseline pain
scores and were at least 2 weeks from their last admission. Exclusion criteria included the
following: red blood cell transfusions within the last 4 weeks; use of anticoagulation;
chronic or daily use of steroids or non-steroidal anti-inflammatory medication; and diagnosis
of end stage renal disease or creatinine >2.0mg/dL. All patients gave written informed
consent, children provided assent when applicable, and the study was approved by the
institutional review board. Patient records were reviewed to determine: hydroxyurea use;
number of admissions within the past year; history of avascular necrosis; and history of
cerebral vascular accidents. Standard evaluation for pediatric patients up to age 16 years of
age include an annual TCD to determine risk of stroke, therefore all pediatric patients had
mean values of left and right middle cerebral artery velocities recorded. All pediatric
patients had TCDs performed on day of blood draw or within the past year.
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Collection of blood samples
Blood was drawn using a large bore needle with a BD Vacutainer system and standard
tourniquet collection. Adult patients with ports or central access devices had at least 10ml of
waste blood drawn prior to collection. Difficult blood draws or blood draws requiring
significant manipulation were discarded. Blood was collected into two adult sodium citrate
tubes (0.1M) and centrifuged within 30 minutes of collection. Platelet poor plasma (PPP)
was prepared by a first centrifugation at 3500g for 15 minutes followed by a second
centrifugation of the plasma at 9500g for 10 minutes. The resulting PPP samples were then
separated into 1ml aliquots and snap-frozen in liquid nitrogen at −80C. The median time
samples were stored prior to testing was 3 months (range 1.5 to 4). All samples were thawed
in water (room temperature) for 5 minutes and testing was subsequently performed within
10 minutes following pre-heating of the instrument for 10 minutes. Inter-assay coefficient of
variation (CV) for normal samples was less than 10% (performed over 6 months time).

Reagents and assays
For each sample, we tested coagulation using a D-dimer ELISA (Diagnostica Stago) and
Thrombin Generation Assay (Stago). The PPP Low (1 pM tissue factor, 4uM phospholipids)
was used as an activator. The CAT was run in a Fluoroskan Ascent plate reader with
Thrombinoscope software (Stago) against standard Thrombin Calibrator (Stago) with all
samples performed in triplicate. Thrombin-antithrombin (TAT) complex ELISA
(Diagnostica Stago) tests was performed for all pediatric patients.

Statistics
The mean values of D-dimer, each phase of the TGA (lag phase, slope, peak thrombin, and
endogenous thrombin potential), and TAT (pediatric patients only) were compared between
crisis and steady state. Comparison was performed with all patient samples using unpaired t-
tests. Comparison was performed for patients with paired data with paired t-tests. Paired t-
test was also used to compare mean values of D-dimer and TGA phases for the presence or
absence of avascular necrosis, hydroxyurea use, and stroke. Finally, a linear regression
model was used to compare D-dimer, TAT and thrombin generation with number of
hospitalizations and TCD velocities. All statistical analyses were done using Graphpad
Prism 5 software. No adjustment was made for multiple comparisons; p<0.05 considered
statistically significant.

RESULTS
Fifty-one patients were enrolled in the study providing 34 samples during crisis and 37
samples during steady state. There were 20 patients who provided samples during both crisis
and steady state (paired samples). The median age of patients used for analysis was 17 years
old (range 4 – 41); 59% were female (see table 1a and 1b). There were 20 pediatric patients
and 31 adult patients. There were 45 patients (81%) being treated with hydroxyurea (HU) at
time of enrollment.

Hypercoagulable markers
Unpaired analysis of the mean D-dimer during inpatient crisis was significantly higher than
during outpatient steady state. Comparison of crisis and steady state by the CAT using
unpaired analysis found a significant decrease in crisis for lag phase and slope, as well as an
increased endogenous thrombin potential (ETP). Peak thrombin production, however, was
non-significantly increased. Comparison of mean values hypercoaguable markers between
crisis and non crisis states is shown in Table 2a and 2b. Paired comparisons of ETP and peak
thrombin between crisis and non crisis states are shown in Figure 1a and 1b.
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Paired analysis revealed the mean D-dimer during VOC was significantly higher than steady
state. Paired comparison of crisis and steady state by CAT revealed a significant difference
in all phases of thrombin generation (Figure 2).

All pediatric patients (n=20) had TAT additionally performed, with 10 paired samples.
There was a significant increase in crisis when compared to steady state during paired
analysis (16.76 ± 13.74 vs. 6.12 ± 3.3, p=0.02) and unpaired analysis (18.82 ± 14.42 vs. 8.67
± 4.3, p=-0.02) (Figure 3).

Clinical Outcomes (hospitalizations, stroke, avascular necrosis, TCD velocities)
Over the one year prior to enrollment the mean number of admissions was 2.6 (range 0–16).
No correlation was found with D-dimer or each phase of CAT with the number of
hospitalizations by linear regression. Mean values of D-dimer and CAT also did not differ
between patients with and without AVN or stroke.

Standard annual TCDs were performed on all pediatric patients (n=20). By linear regression,
there was no correlation between phases of thrombin generation by CAT during steady state
and TCD velocities. However, there was a correlation between increased TCD velocities and
an increased steady state D-dimer (r2=0.32, p=0.02) and TAT (r2=0.28, p=0.04). During
VOC, D-dimer, TAT, and all phases of TGA, in contrast, did not show correlation with
increased TCD velocities.

Discussion
Our results reveal an increase in thrombin production in patients with SCD during crisis.
Although the use of global assays has been useful in documenting both hypocoagulable as
well as hypercoagulable states in other diseases[16], its use in SCD has revealed conflicting
results[9, 17, 18]. We now report our use of TGA in patients in SCD and document an
increase in crisis beyond steady state levels. Additionally, we found a significant increase in
D-dimer and TAT during crisis, both of which have been documented to be elevated in
steady state and correlate with the results obtained by TGA.

Chaari et al compared thrombin generation in adult patients with SCD during steady state
and healthy controls. They found no significant difference in any phase of thrombin
generation between the two groups. They used 5pM tissue factor (TF) and 4uM
phospholipids to trigger thrombin generation in PPP, which is a higher trigger than used in
our study[17]. Betal et al also performed studies on 23 patients with SCD in steady state
with comparison to 6 controls using both 5pM and 1pM TF concentrations with 4uM
phospholipid and corn trypsin inhibitor for contact phase inhibition. They found a reduced
ETP and slope during steady state for both concentrations of TF, in addition to a reduced lag
time with the 5pM TF[18]. More recently, Noubouossie et al performed TGA testing in
pediatric patients with SCD at steady state using 1pM TF and 4uM phospholipid and found
significantly shorter lag time and a higher peak, but no difference in ETP. They
hypothesized there may be an accentuated amplification phase of thrombin generation in
patients with SCD that might account for their finding. Interestingly, they also evaluated 13
patients during crisis and had blood drawn within 48 hours of admission. Comparison of
patients during crisis with patients at steady state found no significant difference in thrombin
generation[9].

In contrast to these previous reports, we found differences in all phases of thrombin
generation when comparing crisis to steady state. Importantly, our paired analysis of 20
patients revealed that lag time, slope, peak and ETP were all significantly different in crisis
as compared to steady state. We used used Stago low PPP activator which contained 1 pM
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tissue factor and 4uM phospholipids as activators based on findings of an endogenous
elevation of whole blood procoagulant tissue factor (TF) activity at baseline in patients with
SCD[19]. Corn trypsin inhibitor (CTI) was also not used to inhibit FXII activation or contact
activation and believed to be of minimal influence on the contact pathway at higher tissue
factor concentrations[20]. Spronk et al examined thrombin generation at various tissue
factor concentrations and recommended the addition of CTI for activation with tissue factor
concentrations below 0.5 pM. No studies, however, have been performed attempting in
patients with SCD to determine the value of CTI.

There are many factors leading to variability between institutions and laboratories which
perform global assays such as TGA. Although there has been increasing interest in using
global assays to evaluate hypercoagulable states, there has been much debate as to the
proper testing technique for performing these assays[21, 22]. Importantly, efforts have been
underway to attempt to standardize sample processing and testing techniques[21], however
there are no current standard recommendations. These testing and sample differences may
account for some of the differences seen in previous studies. Chaari et al used a higher TF
activator which may have led to no significant difference between patients with SCD and
controls. The results of Betal et al actually found a reduced ETP, which is in contrast to our
study; however, corn trypsin inhibitor was used to inhibit contact activation. As described
earlier, although the use of CTI has been recommended at low TF triggers[20], the findings
of higher TF in SCD[23] led to our decision to not use CTI in our study, therefore leading to
difficulty in comparing the two results. Finally, the results of Nouboussie et al also reveal
increased thrombin generation, specifically the ‘thrombin burst’ or amplification phase, in
patients with SCD at steady state. Interestingly, they did not find a significant difference in
patients with VOC from patients at steady state. They utilized a low 1pM TF activator and
double spin of samples, which were similar to our study. However, due to samples being
drawn up to 48 hours following hospitalization, patients may have already had partial
resolution of their VOC. This may account for differences from our study for which samples
were drawn within 36 hours (median 10 hours, range 2 to 32).

We also attempted to correlate thrombin generation results to clinical disease. Due to the
heterogeneity of SCD, few studies have correlated clinical disease complications to
hypercoagulability. D-dimer has been shown to be not only elevated in crisis, but also with
complications of SCD such as leg ulcers, chronic cholecystitis, AVN, joint pain and
infection[24]. More recently, Dar et al showed that abnormal D-dimer results during VOC
correlated with chest x-ray abnormalities[25]. Our results revealed no correlation of D-dimer
or thrombin generation with clinical disease complications. The small number of patients in
our study with stroke (n=7) and avascular necrosis (n=5) likely contributed to the lack of
significant difference.

Interestingly, our findings did reveal a correlation of increased D-dimer and TAT levels to
increased TCD velocities in pediatric patients. Although no past studies have attempted to
correlate TCD velocities to hypercoagulable markers, Mourad et al examined markers in
crisis, steady state as well as in patients with stroke. Patients with SCD and silent or
clinically overt stroke had significantly higher thrombotic markers when compared to
patients without stroke[26]. Further study is warranted to determine if hypercoaguable
markers can be used, in addition to TCD, to predict cerebral vasculopathy and/or stroke.

Limitations of this study include the heterogeneity of SCD and our number of patients
included in our study. We included paired analysis and the inclusion of only type SS disease
to address these potential limitations. In addition, we collected all samples within 36 hours
to avoid potential resolution of pain and obtain samples most representative of their VOC.
Finally, an important limitation, as discussed earlier, is the discrepancy in results seen
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between laboratories and institutions. With no current standardization of sample preparation
and testing techniques, institutional standards and techniques were used to perform our
assays. The continued development of standards for global assays such as the TGA will be
important to making more broad clinical inferences as well to assist in comparisons and
reproducibility between studies.

In summary, we found thrombin generation is increased in VOC compared to steady state,
as measured by TGA and surrogate markers such as D-dimer and TAT. In addition,
increased D-dimer and TAT were associated with higher TCD velocities and should be
studied prospectively. The use of global assays such as TGA are promising in evaluating
patients with SCD and with the development of testing standards, will hopefully lead to an
alternative strategy to determining risk and response to therapies.
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Figure 1.
Thrombin generation assay: paired analysis (n=20) of patients with SCD during VOC
(inpatient) as compared to steady state (outpatient).
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Figure 2.
Thrombin generation assay: Results of paired analysis (n=20) of patients with SCD during
VOC as compared to steady state
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Figure 3.
Thrombin-antithrombin: paired analysis (n=10) of pediatric patients with SCD during VOC
(inpatient) as compared to steady state (outpatient).
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Table 1

a. Unpaired Patient Characteristics (n=51)

Pediatric Adult

Number of patients 20 31

Mean Age - years 9.75 24.9

Female (%) 10 (50) 20 (65)

CVA (%) 2 (10) 5 (16)

AVN (%) 1 (5) 4 (13)

Hydroxyurea use (%) 18 (90) 23 (74)

b. Paired Patient Characteristics (n=20)

Pediatric Adult

Number of patients 9 11

Mean Age - years 11.6 24.3

Female (%) 2 (22) 4 (36)

CVA (%) 1 (11) 3 (27)

AVN (%) 1 (5) 2 (18)

Hydroxyurea use (%) 5 (55) 10 (90)

CVA, cerebral vascular accident; AVN, avascular necrosis
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Table 2

a. Unpaired comparison (n=51) of mean values for hypercoagulable
markers in crisis and non crisis

Crisis Non crisis

D-dimer (ng/ml) 2743 ± 3118 1151 ± 802**

TGA Lag phase (min) 3.6 ± 1.5 4.7 ± 1.7**

Slope (nM/min) 5.05 ± 1.3 7.99 ± 1.6**

Peak (nM) 273 ± 60 244 ± 73

ETP (nM) 1355 ± 321 1143 ± 470*

b. Paired comparison (n=20) of mean values for hypercoagulable markers
in crisis and non crisis

Crisis Non crisis

D-dimer (ng/ml) 3077 ± 3655 1041±619*

TGA Lag phase (min) 3.2 ± 1.2 4.6 ± 1.99**

Slope (nM/min) 4.99 ± 1.1 7.99 ± 1.6**

Peak (nM) 289 ±41 223 ± 75**

ETP (nM) 1381 ± 295 923 ± 316**

TGA, thrombin generation assay; ETP, endogenous thrombin potential;

*
p<0.05;

**
p<0.01
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