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	 Background:	 Clot wave analysis (CWA) during activated partial thromboplastin time (aPTT) measures the speed and extent 
of fibrin polymerization in the plasma. This study aimed to evaluate the effects of hemodilution on CWA pa-
rameter, clotting factors, and thrombin generation assays in a dilutional model.

	 Material/Methods:	 Platelet-poor plasma obtained from 11 healthy male volunteers was diluted with 0.9% sodium chloride by 
10-80% to analyze coagulation profiles, CWA, clotting factors, and thrombin generation assays. CWA includes 
5 parameters: the time-dependent variable (aPTT), rate/acceleration (min1, min2, and max2), and magnitude 
of signal change (delta).

	 Results:	 Critically low activities of 30% for clotting factors and 100 mg/dl of fibrinogen were determined at dilutions of 
70% and 60%, respectively. Peak thrombin and endogenous thrombin potential were significantly lower com-
pared with baseline after 50% and 80% dilution, respectively. aPTT did not correlate with the decrease in the 
clotting factors up to dilutions of 50% and subsequently became abnormal values. As the change in rate/ac-
celeration parameters parallels the time course of clotting factor activity in a dilution-dependent linear man-
ner, these parameters indicate an intervention threshold at critically low activities of clotting factors. The stron-
gest correlations were observed between clotting factors and aPTT, clotting factors and min2, delta and peak 
thrombin (r=0.95), and delta and fibrinogen (r=0.98).

	 Conclusions:	 aPTT was significantly correlated with clotting factors, while the rate/acceleration parameters and delta changed 
with variation in thrombin and fibrinogen generation. These findings may help in evaluating coagulability.
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Background

Dilutional coagulopathy is inevitable after massive hemorrhage 
and fluid replacement to maintain normovolemia and is relat-
ed to multifactorial changes in cellular components and co-
agulation factors that affect thrombin generation, clot firm-
ness, and fibrinolysis [1]. Therefore, accurate assessment of 
blood coagulation in vitro is essential for optimal hemostat-
ic intervention. Conventional activated partial thromboplas-
tin time (aPTT)-based clotting assays are useful for routine 
laboratory analysis; however, aPTT terminates with end-
points occurring when less than 5% of thrombosis formation 
is completed [2] and might not reflect the overall stability of 
a hemostatic thrombus.

Clot waveform analysis (CWA), a global coagulation test, is 
based on the continuous observation of change in light trans-
mittance or absorbance due to fibrin formation during the 
aPTT assay [3.4]. CWA parameters are defined by a slope in 
the waveform and reflect the speed and extent of fibrin po-
lymerization during the entire process of clot formation and 
lysis [3-5]. The sigmoidal extinction curve obtained during 
aPTT assays includes 5 parameters: (1) timing of the point of 
inflection of the curve (aPTT), (2, 3, 4) the rate/acceleration 
for changes in transmittance with respect to time (the mini-
mum value of the first derivative [min1], the minimum value 
of the second derivative (min2), maximum peaks of the sec-
ond derivative [max2]), and (5) total difference of transmit-
tance (delta) [3].

Past studies have suggested that this technique provides use-
ful information for determining the clinical phenotype of pa-
tients with hemophilia with significantly low factor levels [6-8] 
and detecting disseminated intravascular coagulation earlier 
than conventional methods with high specificity (97.6%) and 
sensitivity (98%) [9,10]. Moreover, the assay identifies the de-
gree of hypercoagulability and may help identify patients at 
high risk of thromboembolism [11,12]. CWA could also pro-
vide a novel method for monitoring hemostasis in cases of re-
placement therapy for serious hemorrhage and for monitor-
ing antithrombic therapy to clarify therapeutic efficacy and 
bleeding risk [13,14].

Measuring thrombin generation by calibrated automated throm-
bography is also a comprehensive coagulation assays and re-
flects the overall function of the blood clotting system [15]. 
A previous study investing the correlation between thrombin 
generation and clinical outcome of patients has demonstrat-
ed that thrombin generation is an accurate marker of bleed-
ing [16] and treatment response to thrombin-boosting by-
passing agents, activated prothrombin complex concentrate, 
or recombinant factor VIIa [17,18]. This technique evaluates 
the balance between procoagulant and anticoagulant forces 

and provides the endogenous capacity of the overall hemo-
static potential [19,20]. Therefore, this study aimed to evalu-
ate the effects of hemodilution on CWA parameters, clotting 
factors, and thrombin generation assays in a dilutional model 
based on analysis of 11 healthy male volunteers.

Material and Methods

Participants

This study was approved by the Institutional Review Board 
of Tokyo Women’s Medical University (No. 5751), and writ-
ten informed consent was obtained from 11 healthy male vol-
unteers. Whole blood was taken from the participants with a 
mean age of 33.8 (15) years (height, 172.4±3.5 cm; weight, 
61.2±4.8 kg) and collected into plastic tubes containing 3.2% 
sodium citrate (Venoject II; Terumo Corporation, Tokyo, Japan). 
All participants had a normal history of coagulation and renal 
and hepatic function and denied taking any medications with-
in the previous 14 days. Platelet-poor plasma (PPP) was ob-
tained after centrifugation of citrated whole blood for 20 min 
at 2000×g. All coagulation factors, including aPTT of undilut-
ed blood samples, were in the normal range and were used 
for baseline measurement.

Conduct of the Study

Dilutional coagulopathy was simulated by diluting PPP with 
0.9% sodium chloride solution (saline) (Braun, Melsungen, 
Germany) (n¼10) as follows: 0% (baseline), 10%, 20%, 30%, 
40%, 50%, 60%, 70%, and 80%. Subsequently, CWA and lab-
oratory measurements were performed. Preliminary tests 
showed that saline had a negligible influence on pH in our 
setting. Additionally, the solution was calcium-free to avoid 
early initiation of coagulation.

Laboratory Measurements

Coagulation profiles, including prothrombin time using 
Thromborel S (Sysmex Co., Kobe, Japan), aPTT, prothrombin 
time-international normalized ratio, fibrinogen level (Clauss 
method) using Thrombocheck (Sysmex Co., Kobe, Japan), and 
antithrombin (AT) activity using Revohem AT (Sysmex Co., Kobe, 
Japan), were analyzed in the central hematological laboratory 
using XN-3000 (Sysmex Co., Kobe, Japan) according to the in-
stitutional protocol. Clotting factors II, VIII, IX, and X were de-
termined by CS-5100 (Sysmex, Kobe, Japan) using Thromborel 
S, Pathromtin SL, Pathromtin SL, and Thromborel S, respec-
tively (Siemens Healthineers, Marburg, Germany). All clot-
ting factors were measured using a one-stage clotting assay 
in individual factor-deficient plasma (Siemens Healthineers, 
Marburg, Germany).
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Clot Waveform Analysis

The aPTT-CWA was performed on a CS-5100 device (Sysmex, 
Kobe, Japan) using Thrombocheck aPTT-SLA (Sysmex, Kobe, 
Japan), a commercially available aPTT reagent consisting of 
synthetic phospholipids and ellagic acid. CWA is an automat-
ed optical detection system that performs routine clinical clot-
ting assays to quantify light transmittance changes [3,4]. The 
first derivative of the transmittance represents the coagulation 
velocity, which reflects the conversion of fibrinogen to a fibrin 
clot [3,4]. The second derivative of the transmittance data re-
flects the acceleration and deceleration of the reaction [3,4]. 
The parameters examined by the clot waveform were as fol-
lows: (i) min1, an indicator of the maximum velocity of co-
agulation achieved; (ii) min2, an index of the maximum ac-
celeration of the reaction achieved; (iii) max2, a reflection of 
maximum deceleration of the reaction achieved; and (iv) the 
maximum density of the clot (Delta), which is the total differ-
ence in the transmittance level.

Thrombin Generation Assays

The assays were performed using the calibrated automated 
thrombogram technique as originally described [15]. Briefly, 
20 μl of PPP was added to a microtiter plate well, followed by 
20 μl of 1 pM tissue factor (TF)-based activator (PPP reagent: 
final concentration, 5 pM TFs [15,21] with 4 μM phospholipid). 
The plate was incubated for 10 min at 37°C, and then, 20 μl 
of 100 mM calcium chloride and 5 mM fluorogenic substrate 
Z-Gly-Gly-Arg-AMC were dispensed into each well to start the 
reaction. The development of fluorescent signals was moni-
tored at 20-s intervals for 120 min using a Fluoroskan Ascent 
microplate reader (Thermo Fisher Scientific Co., Waltham, MA) 
with 390 nm excitation and 460 nm emission filter. Thrombin 
generation (nM) was calculated from fluorescent signals cor-
rected with reference to thrombin calibrator samples.

The lag time (time to 1/6th of the thrombin peak, min), time 
to thrombin peak (min), peak thrombin level (nM), and endog-
enous thrombin potential (ETP, the area under the thrombin 
curve, nM×minute) of thrombin generation were obtained using 
Thrombinoscope software (Thrombinoscope B.V., Maastricht, 
the Netherlands). The area under the curve (total ETP) was cal-
culated as the sum of the trapezoidal areas of the values be-
tween the start and end of the measurement. ETP was sepa-
rated into 2 segments representing the procoagulant phase 
(ETPp) before the peak of thrombin generation and the inhib-
itory phase (ETPi) after the peak [22]. Briefly, ETPp was calcu-
lated by integrating the area under the curve up to the peak 
and then subtracting that from the total to give ETPi.

Statistical Analyses

Data were tested for normal distribution using the Shapiro-
Wilk test. Changes in aPTT-dependent clotting factors, CWA pa-
rameters, coagulation profiles, and thrombin generation assay 
values between baseline and 10-80% after hemodilution were 
compared using repeated measures one-way analysis of vari-
ance. Pearson’s correlation coefficients were determined be-
tween CWA parameters and thrombin generation assay vari-
ables and between CWA parameters and coagulation profiles. 
The criterion for rejection of the null hypothesis was P<0.05. 
All statistical analyses, except statistical power analyses deter-
mined using G*Power 3.1, were performed using SPSS software 
(version 11.0; IBM, Chicago, IL). We performed a power analysis 
based on a pilot study that assessed the correlation between 
CWA parameters and peak thrombin and ETP in the thrombin 
generation assay variables. The analysis showed that 9 mea-
surements for 11 participants (ie, 99 measurements) would 
be required to achieve correlation coefficients of 0.8 and 80% 
power for a study design with an a level of 0.05.

Results

Figure 1 depicts the effect of hemodilution on aPTT-CWA pa-
rameters; aPTT-dependent clotting factors II, VIII, IX, X, and fi-
brinogen; and thrombin generation assay parameters. All un-
diluted baseline values of fibrinogen, aPTT, and clotting factor 
activities were within the normal ranges. There was a dilution-
dependent linear decrease in all 4 coagulation factors (Figure 1). 
aPTT was increased by hemodilution in a non-linear fashion 
(Figure 1). aPTT did not correlate with the decrease in clot-
ting factors up to dilutions of 50-60% and subsequently be-
came pathological at this point, with remaining activities of 
clotting factors of approximately 45%, far from an interven-
tion threshold. aPTT values corresponding to a clotting factor 
activity of approximately 20% and 30% were 93.1 (16.1) s and 
150.7 (22.6) s, respectively.

Min1, min2, and max2 decreased in a dilution-dependent lin-
ear manner, whereas delta values decreased in a dilution-de-
pendent non-linear manner (Figure 1). After 60% dilution, all 
factor activities were below the lower limit of the reference 
range (-45.7 to -57% change from baseline) with a correspond-
ing mean aPTT from 32.8 to 62.3 ([s] +89% change from base-
line), min1 from 3.25 to 0.86 ([%s] – 79.2%), min2 from 0.48 to 
0.1 ([%/S2] – 81.6%), max2 from 0.38 to 0.07 ([%/S3] – 57%), 
and delta change\ from 39.8 to 17.1 ([%] 43.0%). At a dilu-
tion of 70%, all factors reached a remaining critically low ac-
tivity of 30% as a guide for fresh frozen plasma transfusion.

There was a dilution-dependent decrease in peak thrombin con-
centrations, slightly decreased ETP values, and no remarkable 
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changes in lag time and time to thrombin peak. Peak throm-
bin generation was significantly decreased by 27.1% after 50% 
dilution (P=0.05) and 64.1% after 80% dilution, respective-
ly, compared to the control (Figure 1). ETP values were pre-
served at a dilution of up to 40% and then decreased, reach-
ing a significantly lower level after 80% dilution (P=0.008). 
In undiluted plasma, ETPp and ETPi at baseline were 581.1 
(68.6) nM×min (mean [standard deviation]) and 1244.1 (130.9) 

nM×min, respectively. ETPp values decreased in a dilution-de-
pendent manner and were significantly lower than baseline val-
ues after 40% dilution (P=0.004); however, the corresponding 
change in ETPi was minimal, and a non-significant decrease in 
ETPi compared with pre-dilution samples was observed even 
after 80% dilution (Figure 2). Hemodilution-related decreas-
es were larger in AT compared to those in procoagulants at 
any dilution level.
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Fibrinogen decreased in a linear manner with dilution and first 
reached its lower physiological value of 150 mg/dl at a dilu-
tion of approximately 40% (Figure 1) with a corresponding av-
erage aPTT 42.8 (s), min1 1.68 (%s), min2 0.24 (%/S2), max2 
0.17 (%/S3), and delta 22.7 (%). A critical low level of fibrino-
gen (100 mg/dl) was finally reached after a dilution of approx-
imately 60%, although no critical reduction in other coagula-
tion factors was observed.

The correlations between aPTT-CWA variables and coagulation 
factors, fibrinogen, and thrombin generation assay parameters 
are presented in Table 1. CWA parameters (excluding aPTT) 
showed the strongest correlation with fibrinogen (P<0.0001), 
whereas aPTT showed a moderate correlation with fibrinogen 
(r=0.634, P<0.0001). Excellent and significant correlations were 
observed between CWA parameters (excluding delta) and co-
agulation factors (P<0.0001), whereas moderate correlations 
were found between delta and coagulation factors (P<0.05). 
Strong significant correlations were observed for peak throm-
bin and ETP and the corresponding delta (P<0.0001) in addi-
tion to significant moderate correlations (P<0.0001) between 
min1, min2, and max2 and peak thrombin.

Discussion

In this study, both the timing and rate/acceleration parameters 
were strongly correlated with the coagulation factors in the di-
lutional plasma samples. The significant correlation between 
CWA parameters other than aPTT and peak thrombin genera-
tion and/or ETP in this study suggests that the clot waveform 
profile reflects the rate and amount of thrombin generation, 
whereas aPTT did not show any correlation with thrombin gen-
eration assay parameters.

aPTT became pathological at the point where hemostasis was still 
not required and tended to show proportionally larger changes 
at a dilution of 60-80%, suggesting that they may have difficulty 
in identifying moderate timing and the amounts of blood com-
ponents for transfusion [23]. However, as the change of rate/
acceleration parameters parallels the time course of clotting 
factor activity, min1, min2, and max 2 indicate an intervention 
threshold at critically low activities of clotting factors (20-30%). 
Thus, rate/acceleration-based CWA values might be a helpful 
parameter for estimating clotting factor activity during bleeding, 
which is consistent with the results of previous studies [6-8].
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Figure 1. �The effect of isovolemic hemodilution with saline on clot waveform parameters (A), aPTT-dependent clotting factors II, VIII, 
IX, and X and fibrinogen (B), and thrombin generation profiles (C) measured in undiluted and 10-80% diluted plasma from 
11 healthy male volunteers. light blue area indicates the normal range for fibrinogen values. P value <0.05 was considered 
statistically significant with repeated measures two-way analysis of variance. aPTT – activated partial thromboplastin time; 
Min1 – minimum value of the first derivative; Min2 – minimum value of the second derivative; Max2 – maximum peaks of 
the second derivative; ETP – endogenous thrombin potential. Min 1 indicates that the maximum velocity of coagulation is 
achieved. Min2 describes the index of the maximum acceleration of the reaction. Max2 reflects the maximum deceleration of 
the reaction. Delta is defined as the total difference in transmittance level. * Statistically significant difference from undiluted 
plasma. Excel (Version 2207, Microsoft) was used for creation of the figure.
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aPTT is determined as the time at which the intensity of the 
transmitted light starts to decrease. This is the point at which 
coagulation is initiated and measures the transition from pro-
coagulation to activated coagulation, which is highly associated 
with the appearance of the first visible fibrin strands. Because 
fibrin crosslinking occurs after the endpoint of aPTT [2,24], 
rate/acceleration-based parameters may vary independent of 
the timing parameters.

CWA demonstrates a sigmoidal extinction curve during clot 
formation, which starts to decrease due to fibrin polymeriza-
tion. As the coagulation cascade progresses, thrombin gener-
ated depending on the available concentrations of pro- and 
anticoagulants mediates the cleavage of fibrinogen to fibrin. 
As fibrin is the ultimate substrate for thrombin in the coag-
ulation cascade, it is likely that clot waveforms also reflect 
thrombin generation, which agrees with the result of past 
studies [14,25]. However, we showed a stronger correlation 

Clot time Min1 Min2 Max2 Delta

Lag time 0.057 −0.305* −0.232 −0.259 0.591*

ETP 0.014 0.274 0.289* 0.244 0.806#

Peak -0.192 0.773# 0.642# 0.635# 0.952#

ttPeak 0.094 −0.206 −0.172 −0.201 0.481*

Fibrinogen −0.634# 0.958# 0.938# 0.935# 0.978#

Factor II −0.846# 0.802# 0.829# 0.828# 0.365*

Factor VIII −0.666# 0.769# 0.785# 0.776# 0.344*

Factor IX −0.789# 0.882# 0.897# 0.898# 0.443*

Factor X −0.846# 0.802# 0.829# 0.828# 0.365*

Table 1. �The correlation between aPTT-clot waveform analysis variables and thrombin generation parameters, aPTT-dependent 
coagulation factors, and fibrinogen.

aPTT – activated partial thromboplastin time; CWA – clot wave analysis; ETP – endogenous thrombin potential; ttPeak – time to peak; 
Min 1 – minimum value of the first derivative; Min2 – minimum value of the second derivative; Max2 – maximum peaks of the second 
derivative. * P<0.05, # P<0.001.
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Figure 2. �The effect of isovolemic hemodilution with saline on thrombin generation potentials. Endogenous thrombin potential (ETP) 
was measured in undiluted and 10-80% diluted plasma from 11 healthy male volunteers. P<0.05 was considered statistically 
significant with repeated measures two-way analysis of variance. nM – nanomolar; min – minute; ETPp – procoagulant 
endogenous thrombin potential; ETPi – inhibitory endogenous thrombin potential. * Statistically significant difference from 
undiluted plasma. Excel (Version 2207, Microsoft) was used for creation of the figure.
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between CWA parameters and peak thrombin and a weaker 
correlation between CWA parameters and ETP, as compared 
to the result of the study by Cheong et al. This discrepancy 
could be attributed to a sustained total amount of thrombin 
caused by the decrease in AT relative to procoagulant levels 
after hemodilution.

In this study, at 80% dilution, the peak of thrombin genera-
tion was decreased by 36% relative to baseline, whereas the 
ETP decreased less, staying at 83% relative to baseline, which 
was in agreement with the result of a previous study show-
ing that ETP values remain relatively stable at dilutions up to 
95% [26]. When the rates of thrombin production and throm-
bin inhibition reach equilibrium, the thrombin generation 
profile creates a peak. This suggests that the rates of both 
thrombin production and inhibition were reduced in a hemo-
dilution-dependent manner. However, our data demonstrat-
ed that the total amount of free thrombin measured remains 
relatively well preserved. Previous studies have demonstrat-
ed that reduced AT activity increases the half-life of factor 
Xa and thrombin in vivo; thus, thrombin generation patterns 
are relatively normal despite lower procoagulant factor lev-
els [27-29]. The decrease in AT relative to procoagulant levels 
after hemodilution slows down the inhibition of procoagulant 
proteases, which was confirmed by the imbalance of ETPp and 
ETPi in thrombin generation curves. In this study, the exten-
sive decrease in ETPp relative to ETPi after hemodilution in-
dicates slow thrombin inhibition due to reduced AT levels in 
ETPi and contributes to the preservation of ETP over the con-
trol. Generally, the peak amount of thrombin diminishes with 
decreasing clotting factor concentrations before the ETP be-
gins to decrease. In a previous study, a clinical bleeding ten-
dency was observed when thrombin generation fell below 
20% of the normal range [30,31]. These studies indicate that 
thrombin generation after 80% dilution might be sufficient to 
achieve adequate hemostasis in this in vitro study.

The amplitude of CWA curve, characterized by Delta, is deter-
mined by the turbidity resulting from the aggregation of fi-
brin monomers and shows a linear association with fibrinogen 
concentration. Other studies have also shown that the corre-
lation between fibrinogen and delta was significant, with sig-
nificantly weaker correlations with other properties [11,32].

The CWA parameters are not exactly equivalent to those de-
rived from thrombin generation because fibrin clot formation 
measured by CWA using transmitted light based on intrin-
sic coagulation cascade is different from that measured by 
thrombin generation assay using fluorescence triggered by a 
tissue factor [13]. However, the strong correlation of coagula-
tion factor concentration, thrombin generation, and fibrinogen 
with CWA parameters might be explained by the physiologi-
cal process of the coagulation cascade. Each CWA parameter 

reflects the characteristics of the coagulation cascade in se-
quential steps. Small amounts of thrombin produced in the ini-
tiation phase described by aPTT are critical for fully activating 
factors XI, V, and VIII and platelets into a highly procoagulant 
state during the amplification phase. Generated thrombin par-
ticipates in multiple positive feedback loops by activating te-
nase complex with FVIIIa and prothrombinase complex form 
with FV [13] leading to a burst of thrombin generation in the 
propagation phase, which might be partly shown by rate/ac-
celeration parameters. Since sufficient thrombin is required 
to convert fibrinogen to fibrin, delta associated with the to-
tal amount of thrombin and fibrinogen might account for fi-
brin clot formation. It is not the initiation phase of clotting 
but the propagation phase that dictates the rate of fibrin clot 
formation and determines hemostasis and blood loss [19,20]. 
Therefore, applying this global assay may allow the detection 
of hemostatic abnormalities in specimens with an apparently 
normal aPTT, or may facilitate identification of the source of 
an abnormal aPTT result.

Our study had some limitations. First, our experiments were 
performed in vitro, excluding rheological elements of coagu-
lation, which may not accurately represent in vivo conditions. 
Further studies are needed to address the clinical approach-
es, such as massive hemorrhage related to major trauma and 
cardiovascular surgery, and their influence on CWA as a useful 
guide for hemostatic therapy. Second, the sensitivity of throm-
bin generation assays was dependent on the TF concentration, 
and thrombin generation was amplified by increasing TF con-
centrations [33,34]. It is essential to define appropriate TF con-
centrations for specific hemostatic assessments. A lower dose 
(1-2 pM) may be suitable for evaluating patients with hemo-
philia and protein C activation [35]. The 5 pM TF used in our 
study, which is considered a conventional concentration used 
for massive bleeding in clinical studies, provides clot times in 
the range of 4-5 min, which is comparable with in vivo bleed-
ing times [21]. In addition, there are still no standardized an-
alyzers and reagents for CWA assays. We only evaluated the 
correlations between aPTT-CWA variables and thrombin gen-
eration parameters and coagulation factors on a single ana-
lyzer and reagent type for CWA assays in an in vitro dilutional 
coagulopathy. Consequently, our findings may not be gener-
alizable to other type of analyzers and reagents.

Conclusions

The findings from in vitro hemodilution model in healthy male 
volunteers showed that aPTT was significantly correlated with 
clotting factors. The rate and acceleration parameters and del-
ta in CWA changed with variation in thrombin and fibrinogen 
generation. A broader set of CWA parameters might be used 
for more efficient monitoring of hemostasis.
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