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Abstract Patients with mild/moderate hemophilia (H)A,
acquired HA (AHA) and lupus anticoagulants (LA), have
prolonged aPTTs with low levels of factor (F)VIII activ-
ity, but the differentiation of these disorders is complex and
time consuming. We established an approach to quickly dif-
ferentiate these disorders using comprehensive coagulation
tests. Patients’ plasmas with mild/moderate HA, AHA, LA
without anti-phospholipid syndrome [LA-APS(—)], and LA
with APS [LA-APS(+)] were examined using clot wave-
form analysis (CWA) and thrombin generation test (TGT).
Activated protein C (APC) sensitivity was assessed by TGT.
CWA revealed similarly prolonged clot times in all groups
[NP/mild/moderate =~ HA/AHA/LA-APS(—)/LA-APS(+);
33 & 1/82 £+ 12/116 £ 44/90 £ 29/96 % 15 s] but sig-
nificantly different decreased maximal coagulation veloc-
ity (3.1 £ 0.1/1.3 £ 0.3/0.9 £ 0.5/1.6 £ 0.3/2.2 £ 0.5).
In TGT, AHA group demonstrated severely reduced peak-
thrombin levels (362 £ 23/170 £ 27/49 & 21/158 & 75/15
8 £ 99 nM), whilst both LA groups markedly prolonged lag
times (4.5 £ 0.3/5.0 £ 0.4/4.7 £ 0.8/12.5 £ 7.7/28.8 = 11.
8 min), suggesting that AHA could be readily identified, but
the different LA sub-types failed to be classified. An APC
sensitivity demonstrated that ‘normalized’ APC-induced
levels of peak thrombin in LA-APS(4) were significantly
lower relative to LA-APS(—) (normalized %inhibition;
5 £ 7/42 + 39 %). Our studies confirmed that %inhibition
by APC was significantly decreased in NP preincubated
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with purified IgGs from LA-APS(4) compared to LA-
APS(—), facilitating differentiation between LA groups. A
combined approach using CWA and TGT could be a use-
ful means of differentiating coagulation disorders with pro-
longed aPTT.

Keywords Hemophilia A - Lupus anticoagulants - FVIII
inhibitors - Clot waveform analysis - Thrombin generation
test

Introduction

Hemophilia A (HA) results from a deficiency or defect of
factor (F)VIII and is the most common of the severe, inher-
ited bleeding disorders. The clinical phenotype in HA gen-
erally correlates with levels of FVIII activity (FVIII:C), and
on this basis, patients are classified into three distinct types
(severe <1 IU/dl; moderate 1-5 IU/dl; mild >5 TU/dl) [1].
Acquired hemophilia A (AHA) is caused by the develop-
ment of FVIII inhibitors as autoantibodies against FVIII in
previously normal individuals, particularly elderly people,
and often results in unexpectedly severe hemorrhage [2].
Patients with lupus anticoagulants (LA) and hypercoagu-
lability associated with anti-phospholipid syndrome (APS)
[termed LA-APS(+) in this study] often present with arte-
rial and/or venous thrombosis [3], whilst those with LA in
the absence of APS [termed LA-APS(—)] are frequently
asymptomatic. In addition, LA-APS(—) sometimes have
a hemorrhagic tendency due to the thrombocytopenia or
hypoprothrombinemia [4]. Patients with mild/moderate
HA, with AHA, and with LA demonstrate the prolonged
activated partial thrombin times (aPTT) commonly together
with low levels of FVIII:C. FVIIL:C levels for cases with
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LA positive can be particularly evaluated as apparent low
levels in a one-stage clotting assay.

Accurate assessment of blood coagulation in vitro is
essential for complete clinical diagnosis. Conventional
aPTT-based clotting assays are useful for routine labora-
tory analysis, but they are widely accepted to only partially
reflect coagulation in a non-physiological environment and
are based on the classical concepts of intrinsic cascade
mechanisms. Discrepancies may be evident, therefore,
between clinical phenotype and coagulant activity using
this type of assay [5, 6]. Additional diagnostic information
on the disorders described above is provided by laboratory
tests of FVIII inhibitor and LA, but these methods are time
consuming and require considerable technical expertise [7].

Interests have recently focused on comprehensive
(global) coagulation assays, developed from a better under-
standing of the clotting mechanism reflecting cell-based
models generating thrombin activity on activated platelets
[8]. Coagulation assays of this nature, including clot wave-
form analysis (CWA) and thrombin generation tests (TGT),
have now been established [9, 10], and have been applied
for the clinical evaluation of bleeding and thrombotic dis-
orders [11-13]. In the present study, we have utilized the
rapid techniques of CWA and TGT to differentiate patients
with mild/moderate HA, AHA, LA-APS(—), and LA-
APS(+) together with a prolonged aPTT and low levels of
FVIIIL:C.

Materials and methods

This study was approved by the Medical Research Ethics
Committee of Nara Medical University, and blood samples
were obtained after informed consent following local ethi-
cal guidelines.

Reagents

Recombinant human tissue factor (rTF; Innovin®, Dade,
Marburg, Germany), ellagic acid (Elg; Sysmex, Kobe,
Japan), and recombinant activated protein C (rAPC; Hema-
tologic Technologies Inc., Essex Junction, VT, USA) were
purchased from the indicated venders. Phospholipid (PL)
vesicles containing 10 % phosphatidylserine, 60 % phos-
phatidylcholine, and 30 % phosphatidylethanolamine were
prepared as previously described [14]. Seven patients’ plas-
mas with LA-APS(4) from different batches were pur-
chased from Trina Bioreactive (Zurich, Switzerland).

Diagnosis and patients’ profiles (Table 1)

Patients’ plasmas with mild/moderate HA (n = 10), AHA
(n = 10), LA-APS(—) (n = 10), and LA-APS(+) (n = 3,

and additional 7 cases were commercially purchased as
described above) and were investigated. As shown in
Table 1, in aPTT values, all the cases were markedly pro-
longed (see the “Results”). PT values in each group were
11.7+04,11.7 £ 0.7, 12.3 £ 0.7, and 13.4 £ 1.2, respec-
tively, showing the prolongation with somewhat differ-
ence between LA groups and other groups. However, it
appeared likely to be difficult to discriminate using aPTT
and PT alone because of the presence of some cases with
overlapped PT values in all groups. AHA was diagnosed by
the detection of FVIII inhibitor for non-hemophiliac indi-
viduals complicated with sudden hemorrhagic symptoms.
The FVIII inhibitors in AHA groups were 42.5 4= 47.9 BU/
ml in a Bethesda assay [15], and three cases showed the
type 1 kinetic inhibition, and seven cases showed the type 2
pattern. The FVIII epitopes were located on the C2 domain
in six cases, the A2 domain in one case, and both domains
in three cases. APS was diagnosed according to the Sap-
poro criteria with Sydney revision [16]. LA test was diag-
nosed as the positive a cut-off level >1.2-fold of control
using an excess PL-added clotting time, and LA-APS(—)
(1.70 £ 0.36) and LA-APS(+) (1.71 £ 0.21) showed any
little significant difference. All the cases in LA-APS(—)
were diagnosed by further examination because of ecchy-
mosis or subcutaneous hemorrhage or by chance examina-
tion of pre-operation screening test. All the cases in LA-
APS(+) showed the thrombotic symptoms. In this study,
we focused only an LA test in LA-APS(+) as an anti-PL
antibody, because all the cases with LA-APS(—) did not
show either anti-cardiolipin antibody or B,-glycoprotein
I. FVIII inhibitors were negative for all cases in both LA
groups in a Bethesda assay. Protein C, protein S, and factor
V activity levels were within normal ranges for all the cases
in both the LA groups (data not shown).

Blood samples and purified IgG

The blood samples in all patients and healthy individuals
were collected into plastic tubes containing 3.2 % sodium
citrate at a 9:1 ratio. Pooled normal plasma (PNP) was
prepared from normal healthy individuals (n = 20). The
study subjects had not taken any medication that may have
affected coagulation at the time of blood sampling. Plate-
let-poor plasma was recovered after centrifugation of cit-
rated whole blood for 15 min at 1,500g. All plasmas were
stored at —80 °C, and thawed at 37 °C immediately prior
to the assays. IgG fractions of patient’s plasmas were pre-
pared and purified by protein G-Sepharose.

FVIII:C measurement

FVIII:C in test samples were measured by a one-stage clot-
ting assay. FVIIL:C levels in mild/moderate HA, AHA,
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LA-APS(—), and LA-APS(+4) were 2.2 £+ 0.9, 2.1 4+ 2.2,
30.3 £ 21.7, and 37.7 £ 24.3 TU/dI, respectively. Since the
FVIII:C level ranges from 70 to 130 IU/dI as a normal ref-
erence in our laboratory, the low FVIII:C was defied as less
than 70 IU/dI in this study.

Clot waveform analysis (CWA)

CWA was performed on the CS2000i® instrument (Sys-
mex) using Thrombocheck APTT-SLA (Sysmex) as a trig-
ger reagent [11]. In patients’ plasmas, clot formation was
initiated by the addition of CaCl, (20 mM). The clot wave-
forms obtained were computer-processed using the com-
mercial kinetic algorithm. The minimum value of the first
derivative (minl) was calculated as an indicator of the max-
imum velocity of coagulation achieved. Since the minimum
of minl was derived from negative changes, the data were
expressed as Iminll. The clot time (CT) was defined as the
time until the start of coagulation.

Thrombin generation test (TGT)

TGT was assayed using our previously established pro-
tocol [17]. Briefly, 20 pl trigger mixture reagent (TF/PL/
Elg; f.c. 0.5 pM/4.0 wM/0.3 wM) and 80 .l test plasmas
were mixed in microtiter plates (ThermoLab System, Hel-
sinki, Finland). The plate was placed in the fluorometer,
and at the initiation of the assay, 20 pl of 100 mM CacCl,
and 5 mM fluorogenic substrate Z-Gly-Gly-Arg-AMC
was dispensed to all wells. The development of fluorescent
signals was monitored at 8-s intervals using Fluoroskan
Ascent microplate reader (Thermo Electron Co., Waltham,
MA) with 390 (excitation) and 460 nm (emission) filter set.
Thrombin generation (nM) was calculated from fluorescent
signals corrected by reference to the thrombin calibrator
samples. Data analyses were performed using the Thrombi-
noscope software. The parameters, lag time, and peak
thrombin (peak-Th), were recorded.

APC-sensitivity assay

The sensitivity to APC was investigated for patients’ plas-
mas and for PNP reacted with purified IgG. The peak-Th
of each test sample was determined by TGT triggered by
TF and PL (1 pM and 4 uM) with and without the addi-
tion of rAPC (20 nM) [18]. PNP was run in parallel on each
plate. Data were expressed as normalized peak-Th and as
normalized percent (%)inhibition of peak-Th by dividing
the %inhibition of peak-Th in test plasma by %inhibition of
peak-Th determined in PNP alone [18] using the following
formula:

Fig. 1 Clot waveform analysis on patients with mild/moderate HA, p»
AHA, and LA groups. a, b Patients’ plasmas from mild/moderate
HA, AHA, LA-APS(—), and LA-APS(+), and NP as a control were
incubated with aPTT reagent, followed by the addition of with CaCl,
at the start of the assay as described in “Materials and methods”.
Representative clot waveforms and the first derivative Iminll in all
groups are illustrated in (a) and (b), respectively. The arrows show
the clot time (a) and Iminll (b) in NP. ¢ Parameters obtained from
waveforms in (a) and (b) are shown (clot time, Iminll). All experi-
ments were performed at least three separate times, and the average
values and standard errors calculated. The gray bars show the range
obtained from NP. Significant differences were expressed as p < 0.05.
MMHA; the mild/moderate HA

Normalized %inhibition
_ 1 — (sample with APC/sample without APC)
"1 — (PNP with APC/PNP without APC)

x 100.

Data analysis

Data are presented as the average and standard deviation.
Data analysis was performed using the Microsoft Excel
software. Significant differences were determined by the
Wilcoxon ¢ test and the Mann—Whitney U test. p values
<0.05 were considered as statistically significant.

Results

CWA in patients’ plasmas with the mild/moderate HA,
AHA, and LA groups

Coagulation function in patients with mild/moderate HA,
AHA, LA-APS(—), and LA-APS(+) was initially assessed
using CWA. The CWA parameters reflect the dynamic pro-
cess of fibrin formation. Representative curves of the aPTT-
based CWA are illustrated in Fig. la. The initiation of
coagulation observed in all groups was markedly delayed
compared with those in normal healthy controls. The clot
times in mild/moderate HA, AHA, LA-APS(—), and LA-
APS(+) (82 £+ 12, 116 £ 44, 90 £ 29, and 96 + 15 s,
respectively) were significantly prolonged compared to
controls (33 £ 1 s), but there were little significant differ-
ences between the groups (Fig. 1¢). The coagulation maxi-
mum velocity (Iminll) levels in all groups were decreased
relative to control plasma, however, and both LA groups
were mildly higher than those in MHA and AHA (Fig. 1b).
The Iminll levels were decreased in AHA, mild/moderate
HA, LA-APS(—), and LA-APS(+) in the order (0.9 &£ 0.5,
1.3+0.2,1.6 £ 0.2, and 2.2 £ 0.5 vs NP 3.1 £ 0.1), con-
sistent with depressed coagulation function in vitro in all
groups (Fig. 1c). The Iminll values were significantly dif-
ferent amongst the groups.

@ Springer
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Fig. 1 continued

TGT in patients’ plasmas with the mild/moderate HA,
AHA, and LA groups

Subsequently, we also evaluated global coagulation func-
tion in these groups using the TGT triggered by TF/PL/Elg.
Figure 2a, b illustrates the thrombograms and parameters,
including lag time and peak thrombin, that were obtained
as described in “Materials and methods”. Relative to nor-
mal controls (4.5 £ 0.3 min), the lag time in mild/moder-
ate HA and AHA was similar (5.0 = 0.4 and 4.7 4 0.8 min,
respectively), whilst in LA-APS(—) and LA-APS(+), this
was significantly delayed (12.5 £ 7.7 and 28.8 &= 11.8 min,
respectively, p < 0.01). In particular, the lag time in LA-
APS(+) was more significantly delayed than in LA-
APS(—) (»p < 0.01). In five cases from the LA groups,
thrombin generation was not recorded within 60 min due
to the presence of potent anti-phospholipid antibodies.
In contrast, the peak-thrombin parameter in AHA was
severely decreased (49 £+ 21 nM; p < 0.01) relative to
the other groups, each with similar levels [mild/moder-
ate HA, LA-APS(—), LA-APS(+); 170 £ 27, 158 £ 75,
and 158 £ 99 nM, respectively]. In all patients, the peak-
thrombin levels were lower than that in normal controls
(362 £ 23 nM). These findings were in keeping with our
earlier report of severely impaired coagulation function in
AHA [13]. The data indicated that the TGT might help to
differentiate between AHA, mild/moderate HA, and LA,
but would not distinguish the LA sub-types.

Evaluation of APC sensitivity in LA-APS(+)
and LA-APS(-)

A previous report had indicated that sensitivity to APC
was impaired in patients with LA complicated with
thrombosis [18]. To further investigate APC resistance

|minl|
[ p<0.01 !
M p<0o0r 1
p<0.05
[

2<0.05 T p<0.01 T p<0.05 1

NP

Imin1| (dT/dt)
(3]
[ —
i

—_
T
b

0
MMHA AHA LA/APS(-) LA/APS(+)

in our cases with LA-APS(—) and LA-APS(+), peak-Th
was measured using the TF/PL-TGT with and without
the addition of rAPC (20 nM). Data were calculated as
normalized peak thrombin, and expressed as normalized
percent (%)inhibition of peak-Th by dividing the %inhibi-
tion of peak-Th in patient’s plasma by that in PNP alone.
Representative results are shown in Fig. 3a, and summa-
rized in Fig. 3b. In both LA groups, normalized %inhibi-
tion levels of peak-Th by APC were significantly reduced
compared to normal plasma (p < 0.01), consistent with the
concept of APC resistance in patients with LA. Normal-
ized %inhibition in LA-APS(4) was significantly lower,
however, than in LA-APS(—) [5 &= 7 % and 42 + 39 %,
respectively (p < 0.05)], indicating that APC resistance
in LA-APS(4) could be more clinically relevant than in
LA-APS(—). In patients with AHA, thrombin generation
was severely impaired even without the addition of rAPC,
and measurements of APC resistance were not possible in
these circumstances.

We attempted to confirm whether the discrepancy in the
effects of APC sensitivity between LA-APS(+) and LA-
APS(—) could be attributed to a direct reaction induced by
LA-IgG. IgG samples were prepared from patients’ plasma,
and various amounts of purified IgG were preincubated
with PNP, prior to estimating APC sensitivity. The normal-
ized %inhibition levels of peak-Th induced by rAPC in
PNP in the presence of IgG (150 pg/ml) from LA-APS(+)
to LA-APS(—) were 39 &£ 18 and 86 + 18 % (p < 0.05),
respectively. In addition, similar results (38 4+ 10 and
68 £ 29 %, respectively) were obtained at the maximum
concentration of IgG employed (300 pg/ml, Fig. 4). These
results confirmed that the APC resistance in these cases was
due to direct interaction with LA-IgG, and further demon-
strated that the clinical symptoms in the two LA groups
reflected APC sensitivity.
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Fig. 2 Thrombin generation on patients with mild/moderate HA,
AHA, and LA groups. a Patients” plasmas and NP were incubated
with TF (0.5 pM), PL (4 uM), and Elg (0.3 uM), followed by the
addition of fluorogenic substrate and CaCl, as described in “Materials
and methods”. Representative thrombogram@ in all groups are illus-

Discussion

The differential diagnosis of coagulation disorders with a
prolonged aPTT and low levels of FVIIL:C include mild/
moderate HA, AHA, and LA-positive cases. Classifica-
tion of these patients on the basis of the conventional aPTT
assays is not straightforward, however. In this context,
Solano et al. [19] reported contrasting shape patterns in
aPTT-based clot waveform analysis triggered by different
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trated in (a). b Parameters obtained from TGT in (a) are shown (lag
time, peak-Th). All experiments were performed at least three separate
times, and the average values and standard errors calculated. The gray
bars show the range obtained from NP. Significant differences were
expressed as p < 0.05. MMHA; the mild/moderate HA

contact activators in LA and clotting factor deficiencies. In
the present study, it seemed to be possible to some extent
to distinguish LA from mild/moderate HA and AHA by
assessing the |minll obtained from the first-differential
waveform in this technique. The cut-off value of Iminl|
between the LA groups and other cases appeared likely to
be approximately 1.5 as a measure, with the LA patients
>1.5. In addition, significant differences were observed
between the Iminll in LA-APS(—) and LA-APS(+) and
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Fig. 3 APC sensitivity in cases with AHA, LA-APS(—), and LA-
APS(+). a Patients’ plasmas and NP were incubated with TF
(1 pM) and PL (4 nM) in the absence or presence of rAPC (20 nM),
followed by the addition of fluorogenic substrate and CaCl, as
described in “Materials and methods”. Representative thrombo-
grams in the absence (solid line) or presence (dot line) of APC are
shown. b Parameter of normalized %inhibition of peak-Th obtained
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Fig.4 APC sensitivity in normal plasma mixed with purified IgG
from LA cases. IgG was purified from AHA, LA-APS(—), and LA-
APS(+) and were preincubated with NP, and then were mixed with
TF (1 pM) and PL (4 puM) in the absence or presence of rAPC
(20 nM), followed by the addition of fluorogenic substrate and CaCl,

between mild/moderate HA and AHA. The results over-
lapped, however, and this measurement alone appeared to
be insufficient to differentiate the defects.

Further studies were undertaken, therefore, using the
TGT. The presence of anti-PL antibodies in LA directly
inhibits thrombin generation on PL surfaces, and previous

from TGT in (a) is shown. The normalized %inhibition of peak-Th
was calculated by dividing the %inhibition of peak-Th in patient’s
plasma caused by APC by %inhibition of peak-Th determined in NP
alone, as described in “Materials and methods”. All experiments were
performed at least three separate times, and the average values and
standard errors calculated. Significant differences were expressed as
p<0.05

LA-APS(+)

—_
(=3
(=]
ol

~
W

n
(e}

O Casel
@ Case2
[ Case 3
W Case 4
A Case5

0 100 200 300
IgG (ug/ml)

N
W
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(=)

as described in “Materials and methods”. The parameter of normal-
ized %inhibition of peak-Th obtained from TGT is shown. The nor-
malized %inhibition of peak-Th was plotted as a function of IgG
concentration. All experiments were performed at least three separate
times, and the average values calculated

studies have indicated that the TGT lag time is prolonged
in LA patients [20]. Our findings were in keeping with
the earlier data, and confirmed that this measurement was
similar to normal in patients with AHA and mild/moder-
ate HA but was significantly abnormal in patients with
LA. Moreover, the lag time in LA-APS(4) appeared to
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be more prolonged relative to LA-APS(—), and a lag time
of >20 min seemed to identify the LA-APS(4) category.
A recent report has suggested that the risk of thrombosis
associated with LA might be influenced by the ratio of lag
time to peak-Th (peak-Th/lag-time index) in the TGT [18,
20]. In our cases, the index in AHA showed little signifi-
cant difference with those in both LA subgroups, but that
in LA-APS(—) showed the significant difference compared
to LA-APS(+) (p; 0.047; data shown). However, cases with
overlapped values of index between LA subgroups were
observed, suggesting that it might be somewhat difficult to
differentiate clearly the disorders by the index.

In the present analyses, peak-Th values were decreased
in all groups, and, in particular, were markedly depressed in
AHA (approximately <50 nM) compared with mild/mod-
erate HA, indicating the sufficient differentiation of mild/
moderate HA and AHA by the TGT. These results were
consistent with our earlier investigations that had confirmed
that a pivotal inhibitory mechanism in AHA was related to
indirect inhibition of FIXa-mediated FX activation on the
tenase assembly by FVIII(a) and anti-FVIII autoantibody
complexes [13]. The curves in AHA may not be possibly
differentiated from those in congenital severe HA if the
clinical history and FVIII:C levels are not shown. However,
the differentiation with AHA and severe HA seems to be
important to interpret the TGA and CWA data with consid-
eration for individual patients profiles.

APC sensitivity is commonly considered to be associ-
ated with the cause of thrombosis in LA-APS(+) [21], and
is usually assessed by directly adding APC to plasma sam-
ples in traditional aPTT-clotting assays. Liestol et al. [18]
also reported, however, that APC sensitivity could be quan-
titatively measured in LA using the TGT. In their assay,
APC sensitivity was evaluated using the ETP parameter
(endogenous thrombin potential) derived from thrombin
generation triggered by a high concentration of TF (5 pM)
in the presence of APC added in vitro. We have previously
utilized a low concentration of TF (1 pM) mixed with
ellagic acid (Elg) as a trigger in a modified TGT to reflect
thrombin potential in both intrinsic and extrinsic coagula-
tion mechanisms [17]. In the present study, peak-Th meas-
urements in this modified assay appeared to enable the
reliable assessment of APC sensitivity, and indicated that
this index was significantly lower (approximately <5 %)
in LA-APS(4) compared to LA-APS(—). These data were
confirmed by the ex vivo addition of purified antibody IgGs
from these patients to NP, and enabled classification of the
LA subgroups. The findings again indicated that anti-PL
antibodies affected APC sensitivity directly, and provided
additional evidence that the differences in the clinical
symptoms in LA were associated with APC sensitivity and
the presence of anti-PL antibodies.

@ Springer

AHA frequently presents with life-threatening hemor-
rhage, and rapid diagnosis is required to confirm low lev-
els of FVIII:C in the presence of FVIII inhibitors. Since
FVIII:C in both groups possessing LA positive can be eval-
uated as apparent low levels, it is also necessary to exclude
LA, and the possibility that the low levels of FVIII:C are
caused by the inhibition of PL binding in tenase assembly
[3, 22]. Conventional laboratory tests for these purposes
are technically demanding and are usually available only in
specialized centers. Commercial facilities may be available,
but are likely to involve considerable delay. We have shown
that clinically useful data can be obtained relatively rap-
idly in these patients using automatic coagulation analyzers
in conjunction with so-called ‘comprehensive’ or ‘global’
coagulation assays, although these are now available only
in specialized centers.

However, there may be still limitation to differentiate
these disorders clearly using a series of approach in the
clinical setting. First, the cases enrolled in the present study
were small numbers. Further investigation with large num-
bers of patients, therefore, would be required. Second, the
heterogeneity of LA may make it difficult to discriminate
from other diseases. In this study, the APC-sensitivity test
using TGT could discriminate clearly between the LA-
APS(—) and LA-APS(+), but it would be not completely
excluded that the results may fluctuate due to the heteroge-
neity of LA. Finally, the clinical use of CWA and/or TGT
has been recently increasing and gradually widespread,
but remains still total insufficient. We hope that these com-
prehensive coagulation assays with broad utility could be
widely utilized in the clinical setting in the future.
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