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Platelets play a major role in primary hemostasis, where activated platelets form plugs
to stop hemorrhaging in response to vessel injuries. Defects in any step of the platelet
activation process can cause a variety of platelet dysfunction conditions associated
with bleeding. To make an accurate diagnosis, constitutional platelet dysfunction
(CPDF) should be considered once von Willebrand disease and drug intake are ruled
out. CPDF may be associated with thrombocytopenia or a genetic syndrome. CPDF
diagnosis is complex, as no single test enables the analysis of all aspects of platelet
function. Furthermore, the available tests lack standardization, and repeat tests must
be performed in specialized laboratories especially for mild and moderate forms of the
disease. In this review, we provide an overview of the laboratory tests used to diagnose
CPDF, with a focus on light transmission platelet aggregation (LTA), ﬂow cytometry
(FC), and granules assessment. Global tests, mainly represented by LTA, are often
initially performed to investigate the consequences of platelet activation on platelet
aggregation in a single step. Global test results should be conﬁrmed by additional
analytical tests. FC represents an accurate, simple, and reliable test to analyze
abnormalities in platelet receptors, and granule content and release. This technique
may also be used to investigate platelet function by comparing resting- and activatedstate platelet populations. Assessment of granule content and release also requires
additional specialized analytical tests. High-throughput sequencing has become
increasingly useful to diagnose CPDF. Advanced tests or external research laboratory
techniques may also be beneﬁcial in some cases.

Introduction
Constitutional platelet dysfunction (CPDF) can induce a variety
of bleeding disorders caused by defects in primary hemostasis.
These defects may affect platelet adhesion, activation pathways, and aggregation. Platelet activation is a major phenomenon in primary hemostasis in which activated platelets form
plugs in response to injuries to stop hemorrhaging. Platelet
activation is initiated by platelet adhesion to the vessel wall, in
which various platelet receptors bind to protein components of
the injured vessel wall (e.g., glycoprotein [GP] VI binds to
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collagen and GPIb–IX–V binds to von Willebrand factor [VWF]
secreted from Weidel Palade bodies and adhering to collagen).
Platelet adhesion triggers coordinated successive signaling
pathways that yield full platelet activation, granule release
essential for the ampliﬁcation of the platelet response, platelet
aggregation mediated by GPIIb/IIIa activation,1 and phosphatidylserine-exposing procoagulant activity.2,3
CPDF is associated with a wide spectrum of disorders, which
are often difﬁcult to diagnose and require a high degree of
expertise in the ﬁeld. Furthermore, CPDF may be associated
with thrombocytopenia, which can impede and further
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Fig. 1 Decision-making ﬂow chart for the diagnosis of CPDFs. ADP, adenosine diphosphate; TRAP, thrombin-related activation peptide; PAC1,
antibody that detects the neoepitope of active GPIIb/IIIa; CD63, granulophysin; CD62P, P-selectin; PAI-1, plasminogen activator inhibitor 1; ATP,
adenosine triphosphate; PS: phosphatidylserine; VASP: vasodilator-stimulated phosphoprotein; EM: electron microscopy; TXA 2, thromboxane
A2; TEM, transmission electron microscopy.

complicate CPDF diagnosis. As some methods do not produce
reliable results in samples with low platelet count, it is
important to consider which methods can be used and which
adaptations have to be made to secure the interpretation of the
results in this particular setting.
CPDFs can also be associated with a genetic syndrome and
is often marginalized; however, taking it into account may
help establish the genetic syndrome diagnosis.
Key clinical elements to diagnose CPDF involve a careful
medical and family history assessment including medications, which may indicate an acquired platelet dysfunction,
and validated bleeding assessment scores to evaluate bleeding severity.4,5 Before considering a CPDF diagnosis, VWF
disease, the most common disease associated with primary
hemostasis defects, should ﬁrst be ruled out (►Fig. 1).
Laboratory tests used to identify CPDF are often suboptimal,
which renders diagnosis complicated especially for mild and
moderate forms of the disease. Diagnostic testing for CPDF
should ideally be performed in a specialized laboratory
under optimized preanalytical conditions and by experienced laboratory staff.
The full gamut of platelet properties cannot be analyzed in
a single test. This review aims to provide an overview of the
main laboratory tests used to diagnose CPDF, with a focus on
light transmission platelet aggregation (LTA), ﬂow cytometry
(FC), and analysis of platelet granules.

Global Platelet Functional Tests
Global platelet functional tests refer to methods that analyze
the consequences of platelet activation on platelet aggregation in a single step. When clinical results and family history
indicate potential CPDF, platelet aggregation tests are initially performed in most cases, after ruling out coagulation
and VWF defects. These global tests use various matrices—
platelet-rich plasma (PRP) or whole blood (WB)—and have a
variety of speciﬁcations and indications. In rare cases, it

could be necessary to prepare washed platelets.6 This procedure is essential to isolate platelets from the anticoagulant
and their plasma environment. This, for example, may help
distinguish platelet type from plasma VWF disease.7 This
article aims to describe the different approaches used to
diagnose and characterize CPDF. A description of the main
results of the platelet exploration is given in ►Fig. 2.

Light Transmission Platelet Aggregation
LTA is the most widely used global test for the diagnosis of
CPDF. It detects abnormalities associated with increased
bleeding in a signiﬁcant proportion of individuals referred
for CPDF assessment.8 This assay analyzes in vitro platelet
aggregation in a GPIIb/IIIa-dependent manner by measuring
the increased light transmission through dense PRP after
addition of exogenous soluble activators except ristocetin.
Ristocetin causes the binding of VWF to the GPIb complex
leading to platelet agglutination. However, in patients suffering from GPIIb/IIIa deﬁciency, ristocetin-induced platelet
aggregation is often reduced, reversible, and even cyclic
indicating a contribution of GPIIb/IIIa in ristocetin-induced
platelet aggregation.9,10
The kinetics of the response provides quantitative assessment of platelet aggregation. The assay read-out yields
aggregation curves, including the slope of the curve, the
peak extent (%), and the latency time (lag phase). Additionally, the initial shape change, mono- or biphasic aggregation
waves, and the stability of the aggregates (reversibility) can
be visually assessed.
The LTA assay is still considered as the gold standard to
test platelet function despite several limitations, including
poor standardization, preanalytic constraints, the time-consuming nature of the assay, and the high sample volume
requirement. As a result, several recommendations have
been published in the past 10 years to guide LTA testing
and interpretation of the results.10–13 International recommendations on preanalytical variables—blood collection,
Hämostaseologie

Vol. 40

No. 4/2020

445

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.

Laboratory Techniques Used to Diagnose Constitutional Platelet Dysfunction

Laboratory Techniques Used to Diagnose Constitutional Platelet Dysfunction

Ibrahim-Kosta et al.

Fig. 2 Diagnosis orientation according to the results of platelet exploration. Only the major etiologies have been indicated. LTA, light
transmission aggregation; GT, Glanzmann’s thrombasthenia; LAD, leukocyte adhesion deﬁciency; ARC syndrome, arthrogryposis–renal
dysfunction–cholestasis syndrome; ADP, adenosine diphosphate; TXA2, thromboxane A2 ; AA, arachidonic acid; ATP, adenosine triphosphate;
uPA, urokinase plasminogen activator.

preparation of PRP, assessment of PRP quality, methodology,
choice of agonists, and evaluation and reporting of results of
LTA—have been provided by the working party from the
Platelet Physiology Subcommittee of Scientiﬁc and Standardization Committee/International Society of Thrombosis
and Haemostasis (SSC/ISTH) on standardization of LTA.13
Among the most important recommendations are the maintenance of a PRP platelet count above 150  109/L below
which the interpretation of the results will be not reliable.
Blood samples should be drawn with minimal or no venostasis using an appropriate needle into polypropylene or
siliconized glass tubes. PRP should be prepared by centrifuging blood samples at 200g for 10 minutes. Grossly hemolyzed and lipemic samples should be discarded. It is not
recommended to adjust platelet count except in case of
extreme high platelet count (>500  109/L). Due to an inhibitory effect of platelet-poor plasma on platelet activation,
platelet count adjustment with platelet-poor plasma should
be avoided and replaced by dilution in buffer solution.14,15
PRP should be allowed to stand at room temperature for
15 minutes before testing. Studies should be completed
within a maximum of 4 hours after blood sampling.
Platelet aggregation proﬁles vary depending on the activator
used and the concentration. Therefore, appropriate activator
concentrations must be selected to limit excessive interindividual variability and interpretation difﬁculties. A screening test
starting with low activator concentrations, including aggregation induced by 2 µM ADP, 5 μM epinephrine, 2 μg/mL collagen,
1 mM arachidonic acid (AA), thrombin receptor activating
peptide (TRAP) 10 µM, and ristocetin 1.2 mg/mL, in agreement
with the ISTH recommendations,13 can provide an initial indication of platelet impairment. A second round of testing could
include other activators and increased activator concentrations
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(less sensitive to platelet secretion) depending on the suspected
diagnosis (e.g., ADP 5–100 μM: absence of response to 100 µM
ADP may help diagnose complete P2Y12 deﬁciencies; stimulation with the thromboxane A2 [TXA2] analog, U46619 1 µM,
enables the distinction between thromboxane prostanoid
receptor and TXA2 synthesis deﬁciencies; convulxin is used
as a GPVI-speciﬁc activator; TRAP 50 µM is used to detect
GPIIb/IIIa activation abnormalities).
Defects in platelet aggregation may indicate reduced
response to a single activator; although in most cases, the
diagnostic process should assess reduced response to multiple activators, as the same signaling and ampliﬁcation pathways are involved. A recent review has described the platelet
aggregation proﬁles of the most frequently encountered
CPDF disorders.12 A lack of aggregation in response to
multiple activators at low or high concentrations, but maintained ristocetin response, indicates a GPIIb/IIIa defect, as
GPIIb/IIIa activation is a required terminal step in the aggregation process (►Figs. 2 and 3; ►Table 1). Glanzmann’s
thrombasthenia is associated with quantitative defects in
GPIIb/IIIa. A variant of Glanzmann’s thrombasthenia or Kindlin 3 deﬁciency (LADIII)16 is suspected when tests reveal an
absence of platelet aggregation in response to all activators
(except ristocetin) with preserved GPIIb/IIIa surface expression. The presence of a concomitant immune deﬁciency with
hyperleukocytosis and infection indicates a Kindlin 3
deﬁciency16 (►Table 1). Reduced platelet aggregation in
response to several activators is frequently observed in
clinical settings. A lack of response to low activator concentrations, but a normal or improved response to high activator
concentrations, may suggest a CalDAG-GEFI deﬁciency, a
nucleotide exchange factor for the GTPase Rap1B involved
in the “inside-out” signaling pathway.17 Indeed, platelet
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Fig. 3 Schematic representation of the primary platelet activation pathways and main clinical diagnostic tests for CPDF. Gq, G protein–containing subunit
αq; Gi, G protein–containing subunit αi; Gz, G protein–containing subunit αs; ADP, adenosine diphosphate; ATP, adenosine triphosphate; AMPc, cyclic
adenosine monophosphate; TXA2, thromboxane A2; TPα, TXA2 receptor; PAR, protease-activated receptor; P2Y1/P2Y12, purinergic receptors; TRAP,
thrombin-related activation peptide; AA, arachidonic acid; PLC-β, phospholipase C-β; PLC-γ, phospholipase C-γ; PI-3-K, phosphoinositide-3-kinase; AC,
adenylate cyclase; Rap1b, Ras-related protein Rap-1b; 5HT, 5 hydroxytryptamine (or serotonin); 5HT2A, serotonin 5-HT2A receptors; VASP, vasodilatorstimulated phosphoprotein; LTA, light transmission aggregation; TEM, transmission electron microscopy; LAMP: lysosomal-associated membrane protein;
PAC1, antibody that detects the neoepitope of active GPIIb/IIIa; CD63, granulophysin; CD62P, P-selectin; PAI-1, plasminogen activator inhibitor 1; TPS-1,
thrombospondin 1; VWF, von Willebrand factor. Procoagulant function of platelets is not presented in the ﬁgure as it involves different mechanisms. Among
the most relevant are platelet activation with strong agonists and apoptosis. Plasma membrane phospholipids are asymmetrically distributed in resting
platelets, with PS conﬁned to the inner leaﬂet. After platelet activation by potent agonists (mainly thrombin associated with collagen), high levels of
sustained intracellular calcium trigger scramblase activity. Apoptosis-induced PS exposure does not require increase in cytoplasmic calcium. Scramblase
activation results in the loss of phospholipid asymmetry and PS exposure on the outer leaﬂet of the platelet membrane, providing the requisite surface for
rapid thrombin generation.

activation involves two waves of activation. The ﬁrst is
sensitive to Ca2þ and CalDAG-GEFI, while PKC/ P2Y12 signaling in turn mediates a second wave of activation, necessary
for sustained Rap1B activation and thrombus stabilization18–20 (►Fig. 3). CalDAG-GEFI deﬁciency primarily affects
platelet activation induced by low-dose agonist activation
involving the ﬁrst wave of activation.21 This type of response
may also correspond to abnormalities in the ampliﬁcation
pathway mediated by ADP. Reduced response to ADP even at
high concentrations (100 μM) has been observed in severe
homozygous P2Y12 deﬁciency22–25 (►Table 1). In dense
granule defects, substantial variability in LTA results has
been observed with normal or reduced (or reversible)
response to low concentrations of most activators (e.g.,
ADP, TXA2, and collagen) and improved response to high
activator concentrations26 that is less dependent on the
secretion-mediated ampliﬁcation phenomenon.

Recently, a new inherited platelet bleeding disorder affecting the EPHB2 gene was described (►Table 1). EPHB2 encodes
the ephrin transmembrane receptor B2 tyrosine kinase. Platelet aggregation was absent in response to collagen and was
impaired in response to 10 µM ADP, 1.5 mM AA, and 5 µM
U46619.27 Abnormality of the ampliﬁcation pathway mediated
by TXA2 also results in reduced response to several agonists
primarily AA. This is most often due to an autosomal dominant
variation in the gene coding the TPα receptor, TBXA2R, but can
also correspond to a reduced conversion of exogenous AA to
TXA2. This last condition is extremely rare. Mutations in
TBXAS1, which encodes a thromboxane synthase, have been
identiﬁed in patients with the rare autosomal recessive Ghosal
hematodiaphyseal dysplasia (►Table 1). The use of TXA2
analogs, such as U46619 or STA2, as activators, and measurement of TXB2 levels (stable metabolite of TXA2) can help
distinguish between these two mechanisms12 (►Table 1).
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Delta storage
pool disease
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19q13.32

15q21.1

6p22.3

10q24.2

3q24

22q12.1

11p15.1

10q24.32

BLOC1S6

DTNBP1

HPS1

HPS3

HPS4

HPS5

HPS6

5q14.1

Chromosome

BLOC1S3

AP3B1

Gene

No. 4/2020

Hermansky–Pudlak
syndrome 6 protein
NP_079023.2
775 aa

Hermansky–Pudlak
syndrome 5 protein
NP_aa

AR

AR

Hermansky–
Pudlak Type 6
614075

Hermansky–
Pudlak Type 2
416074

Hermansky–
Pudlak Type 4
614073

Hermansky–
Pudlak Type 3
614072

AR

AR

Hermansky–
Pudlak Type 1
203300

Hermansky–
Pudlak
Type 7
614076

Hermansky–
Pudlak
Type 9
614171

AR

AR

AR

Hermansky–
Pudlak
Type 8
614077

Hermansky–
Pudlak
Type 2
608233

Disease
MIM number

Presence of
thrombocytopenia
Yes (þ)
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NG_012029.1
9647 pb

NG_027761.1
6540 pb

Hermansky–Pudlak
syndrome 4 protein
NP_071364.4
708 aa

Hermansky–Pudlak
syndrome 3 protein
NP_115759.2
1004 aa

Hermansky–Pudlak
syndrome 1 protein
NP_000186.2
700 aa

Dysbindin
NP_115498.2
351 aa

Biogenesis of lysosomerelated organelles
complex 1 subunit 6
NP_036520.1
172 aa

AR

AR

AP-3 complex subunit β-1
NP_003655.3
1094 aa
Biogenesis of lysosomerelated organelles
complex 1 subunit 3
NP_997715.1
202 aa

Inheritance

Protein

Dense granules

Dense granules

Dense granules

Dense granules

Dense granules

Dense granules

Dense granules

Dense granules

Dense granules

Affected platelet
constituents
or functions

Oculocutaneous albinism, macrophage
activation

Mild oculocutaneous albinism, no pulmonary
ﬁbrosis, no granulomatous colitis

Profound oculocutaneous albinism, pulmonary ﬁbrosis,
granulomatous colitis,
menorrhagia in women

Mild oculocutaneous albinism, menorrhagia in
women, no immunodeﬁciency, no pulmonary
ﬁbrosis

Profound oculocutaneous albinism, pulmonary ﬁbrosis,
granulomatous colitis,
menorrhagia in women

Oculocutaneous albinism, pulmonary ﬁbrosis, possible psychiatric
manifestation
(schizophrenia)

Oculocutaneous albinism, no pulmonary ﬁbrosis, no
granulomatous colitis,
possible immunodeﬁciency, and psychiatric
manifestation
(schizophrenia)

Oculocutaneous albinism, no pulmonary ﬁbrosis, no
granulomatous colitis

Oculocutaneous albinism, pulmonary ﬁbrosis, immunodeﬁciency

Associated clinical
phenotype
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NG_009763.2
47441 pb

NG_009847.1
50935 pb

NG_009646.1
37749 pb

NG_009309.1
147234 pb

NG_028194.2
35781 pb

NG_008372.1
10056 pb

NG_007268.1
299379 pb

Genome sequence
(reference GRCh38.p7
primary assembly)

Table 1 Inherited platelet dysfunctions: involved gene and associated phenotypes
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Alpha storage
pool disease

Alpha storage
pool disease

Xq28

FLNA
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10q22.2

PLAU

14q24.3

9q34,13

GFI1b

VIPAR
(VIPAS39)

311p21,31

NBEAL2

11q24,3

21q22,2

RUNX 1

FLI-1

1q42.3

LYST

Xp11,23
Xp11,24

15q21.3

RAB27A

GATA-1

Chromosome

Gene

Table 1 (Continued)

Vol. 40

Spermatogenesis-defective protein 39 homolog
NP_001180243.1
493 aa

Urokinase-type plasminogen activator
NP_002649.1
431 aa

Growth factor–independent 1B transcriptional
repressor
NP_004179.3

Neurobeachin like 2
NP653317.2

Friend leukemia virus integration 1 NP_002008.2

GATA-binding protein 1
NP_002040.1
413 aa

Filamin A
NP_000108.1
2647aa

Runt-related transcription
factor 1
NP_001745.2
480 aa

Lysosomal-trafﬁcking
regulator
NP_000072.2
NP_001288294.1
3801 aa

Ras-related protein Rab27A
NP_004571.2
221 aa

Protein

AR

AD

ARC syndrome
613404

Quebec syndrome
601709

Bleeding disorder,
platelet-type, 17
187900

Gray syndrome
139090

AR

AD, AR

Bleeding disorder,
platelet-type,
21 617443

-Thrombocytopenia,
X-linked, with or
without
dyserythropoietic
anemia 300367
-Thrombocytopenia
with β-thalassemia,
X-linked 314050

Periventricular
heterotopia
300049

Platelet disorder,
familial, with
associated
myeloid malignancy
601399

Chediak-Higashi
syndrome
214500

Griscelli 2
Syndrome
607624

Disease
MIM number

AD

X-linked
recessive
and
dominant

X-linked
dominant

AD

AR

AR

Inheritance

Dense granules

Alpha and dense
granules

Alpha and dense
granules
Alpha-granules

Alpha-granules

Increase in alpha-granules and u-PA levels

þ

þ

þ

þ

þ

þ

Alpha-granules

Dense granules

Dense granules

Dense granules

Affected platelet
constituents
or functions

þ

Presence of
thrombocytopenia
Yes (þ)

No. 4/2020

(Continued)

Arthrogryposis with
renal dysfunction and
cholestasis

No

Anemia

Possible evolution to
immune disease,
splenomegaly and
myeloﬁbrosis

No

Cryptorchidism, possible evolution to anemia
or dyserythropoiesis

Neuropathy, cardiac,
connective tissue,
gastrointestinal, lung
abnormalities

Possible evolution to
onco-hematological
disorders

Partial oculocutaneous
albinism, immunodeﬁciency, neurological d
efect, hepatosplenomegaly, lymphoproliferative disorder

Partial albinism, silver
hair, immunodeﬁciency

Associated clinical
phenotype
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NG_023421.1
37966 pb

NG_011904.1
13398 pb

NG_034227.1
53143bp

NG_031914.1
37022 bp

NG_032912.1
133733 bp

NG_008846.2
14738 bp

NG_011506.2
33107 bp

NG_011402.2
1203911 bp

NG_007397.1
229598 pb

NG_009103.1
86850 pb

Genome sequence
(reference GRCh38.p7
primary assembly)
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17p13.2

22q11.21

3q21.3

22q11.21

3q25.1

19p13.3

GPIBA

GPIBB

GP9

GPIBA

P2RY12

TBXA2R

20q13.32

17q21.32

ITGB3

GNAS (Gs)

17q21.31

ITGA2B

11q13.1

19q13.42

GP6

FERMT3

1p36.12

EPHB2

15q26.1

Chromosome

Fermitin family homolog
3 or
kindlin 3
NP_848537.1
667 aa

Prostanoid TP receptor
NP_963998.2
407 aa

AR

AD

Mostly AR

AR

Glycoprotein Ib platelet
subunit α
NP_000164
652 aa
P2Y purinoceptor 12
NP_073625
342 aa

AR

AR

AR

AR

AR

AR

AR

AR

Inheritance

Glycoprotein IX
NP_000165
177aa

Glycoprotein Ib platelet
subunit β
NP_000398
206 aa

Glycoprotein Ib platelet
subunit α
NP_000164
652 aa

CD61
NP_000203.2
788 aa

CD41B
NP_000410.2
1039 aa

GPVI
NP_001077368.2
339 aa

Ephrin receptor, EphB2
987 aa

Vacuolar protein sorting
associated protein 33B
NP_061138.3
617 aa

Protein

Leukocyte adhesion
deﬁciency type 3
(LADIII)
612840

Platelet disorder
type 13
614009

Platelet disorder
type 8
609821

von Willebrand
disease, platelet-type
177820

Bernard–Soulier
syndrome, type A1
231200

Bernard–Soulier
syndrome, type A1
231200

Bernard–Soulier
syndrome, type A1
231200

Glanzmann’s
thrombasthenia
273800

Glanzmann’s
thrombasthenia
273800

Platelet disorder
type 11
614201

Platelet disorder
type 22

ARC syndrome
208085

Disease
MIM number

Platelet adhesion

Platelet adhesion

Platelet adhesion

þ

þ

þ

Platelet activation

Platelet aggregation

Platelet activation

Platelet activation

Platelet adhesion

Platelet aggregation

Platelet aggregation

Platelet activation

Platelet activation

Alpha-granules

Affected platelet
constituents
or functions

þ

Presence of
thrombocytopenia
Yes (þ)
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NG_016360.1
24212 pb

NG_013363.1
19328 pb

NG_016019.1
54169 pb

NG_008767
9734 pb

NG_008715
8609 bp

NG_007974
8232 pb

NG_008767
9734 pb

NG_008332.2
97451 pb

NG_008331
24324 pb

NG_031963.2
31560 pb

NG_011804
217663 pb

NG_012162.1
31060 pb

Genome sequence
(reference GRCh38.p7
primary assembly)

Immune disease,
possible osteopetrosis

No

No

No

No

No

No

No

No

No

No

Arthrogryposis with
renal dysfunction and
cholestasis

Associated clinical
phenotype
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Platelet
signaling

Platelet
receptors

VPS33B

Gene
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Scott syndrome
262890
AR
Platelet
procoagulant
activity

TMEM16F
(ANO6)

12q12

NG_028220.1
231418 pb

Anoctamin-6
NP_001191732.1
931 aa

Ghosal syndrome
231095
AR
Thromboxane-A synthase
NP_001159725.1
580 aa
NG_008422.2
248944 pb
7q34
TBXAS1

Ibrahim-Kosta et al.

Defects in platelet aggregation response to a single activator
are rare, similar to reduced response to collagen or ristocetin.
Reduced response to collagen indicates a defect in GPVI, a
major collagen receptor on the platelet surface (►Table 1).
Convulxin (extracted from snake venom) is a selective GPVI
agonist that may help orientate the diagnosis. Noonan syndrome (NS) also displays a signiﬁcant reduction in LTA induced
by some activators. NS is an autosomal dominant genetic
condition that affects one in 1,000 to 2,500 individuals; 50%
of patients with NS display pathological variants of the PTPN11
gene28 (►Table 1). Ristocetin is an antibiotic that facilitates the
binding of VWF to the GPIb–IX–V complex. Normal levels of
both VWF and GPIb are necessary for proper aggregation. In
the absence of VWF abnormalities, a lack of response to
ristocetin suggests Bernard–Soulier syndrome, for which the
main characteristic is macrothrombocytopenia and absence of
or reduced GPIb levels at the platelet surface29 (►Table 1). Low
concentrations of ristocetin (e.g., 0.5 mg/mL) do not induce
platelet aggregation. With low-dose ristocetin treatment,
abnormal aggregation with possible thrombocytopenia and
platelet clumping suggests type 2B or platelet type VWF
disease due to a defect in platelet–VWF interactions.30,31
An increased susceptibility to bleeding has been described
in patients exhibiting hyperactive Gs signaling.32 These cases
are associated with syndromic clinical manifestations such as
mental retardation, epilepsy, and moderately severe skeletal
anomalies. LTA is normal, although bleeding time is signiﬁcantly extended. The diagnosis is made by demonstrating
increased inhibition of ADP-induced platelet aggregation by
activators of receptors coupled to Gs such as PGI2 and PGE1
(►Table 1).
Physiological variations as well as unreported medications
or xenobiotic agents can modify platelet behavior. Therefore, it
is essential to conﬁrm the results at least once, on different
occasions ideally 2 to 6 months after the initial test, especially
when the observed defects are moderate.

Impedance-Based Whole-Blood Aggregometry
Assessment of the changes in electrical impedance between
two electrodes when platelet aggregation is induced can be
performed on WB samples. Platelet aggregation is assessed by
detecting the increase in electrical impedance recorded in
Ohms.33 WB aggregometry (WBA) is technically simple; the
operator adds an activator directly to the WB sample and
subsequently records the rise in impedance as platelets coat
electrodes suspended in the blood.33,34 Compared with LTA,
WBA involves more physiological conditions (includes other
blood elements involved in platelet function, and aggregation
takes place on surfaces). Additionally, WBA requires a relatively
smaller volume of WB and no sample manipulation, thereby
enabling a rapid analysis of platelet function. Fritsma and
McGlasson have summarized the main preanalytical conditions for impedance-based WBA. Citrated blood (3.2% citrate)
must be tested within 4 hours of collection. Blood sample has to
be diluted. A sample whose platelet count is between 50 and
100  109 may be assayed undiluted; if the platelet count is
below 50  109, WBA should not be performed.34–37 In contrast to LTA, WBA is unaffected by icterus and lipemia. WBA is
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also unaffected by hemolyzed and lipemic samples but is
sensitive to hematocrit and platelet and leukocyte counts.10
In studies comparing LTA and WBA, the WB impedance multiplate analyzer yielded very similar results to LTA assays in
populations of patients suffering from Glanzmann’s thrombasthenia.38,39 However, WBA is more expensive and less widely
used than LTA. Clearly, the utility of WBA should be more
extensively investigated for the diagnosis of CPDF.

Bleeding Time and Platelet Function Analyzer 100/200
The bleeding time test is the only available in vivo primary
hemostasis test that integrates platelet function, VWF, and the
blood vessel wall. It is an easy and rapid test in which the time it
takes for bleeding to stop (platelet plug formation) in an in vivo
skin wound is recorded.40 For many years, the bleeding time test
has represented the only screening test to identify congenital
and acquired platelet disorders.41 However, routine use of this
test has recently declined due to several factors, including poor
standardization and accuracy, the invasive nature of the test,
operator-based variations, and variations resulting from differences in skin thickness and temperature among patients.10 This
test is no more recommended. However, it is to note that
bleeding time may help orientate diagnosis in very peculiar
situation such as increased response to endothelium-dependent platelet inhibition that is not easily detected with LTA.32
The PFA-100 and PFA-200 systems (Siemens) have been proposed as simple and rapid automated screening tests for
primary hemostasis impairments. The platelet function assay
employs high shear stress and citrated WB to simulate in vivo
platelet adhesion to VWF. The analyzers measure the platelet
closure time of a microscopic aperture composed of a collagenADP or collagen-epinephrine-impregnated membrane42 with a
ﬁxed concentration of activators. The PFA-100/200 is sensitive
to platelet count and hematocrit (PFA-100/200 should not be
performed when platelet count is less than 100  109/L or
hematocrit < 0.30). Closure time may be shortened in case of
high platelet count (>500  109/L) or elevated VWF levels.43 For
a full description of the preanalytical constraints and results
interpretation, see the article by Harrison et al.10
The PFA-100 is not speciﬁc for any particular primary
hemostasis disorder. Normal closure times enable to exclude
VWF disease with high sensitivity44 except type 2N. Prolonged closure times in the absence of VWF disease may
indicate a severe form of CPDF such as Glanzmann’s thrombasthenia, Bernard–Soulier syndrome, or platelet type von
Willebrand disease thrombasthenia .10,45 Closure time tests
lack speciﬁcity and sensitivity for milder forms of CPDF,
similar to bleeding time.45

Other Whole-Blood Assays
The Impact-R system (DiaMed, Cressier sur Morat,
Switzerland) is a WB assay used to evaluate platelet
function under arterial conditions with a cone and plate
technology. Once blood samples are aliquoted into a polystyrene well, plasma proteins immediately adhere to the
well surface, thereby resulting in platelet adhesion and
aggregation. Following the removal of excess of blood
and staining from the adhered platelets, the surface area
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(%) covered by platelet aggregates (adhesion index) and the
size of platelet aggregates (aggregation index) are assessed
using an image analyzer. This automated method does not
require sample preparation and is able to analyze low
sample volumes. The Impact-R agonist response test has
been used to detect aggregation defects in patients with
storage pool disease, severe von Willebrand disease, and
epinephrine response deﬁciency.46 Additional studies
should be conducted to explore its application in the
diagnosis of the whole spectrum of CPDF disorders. Many
other tests have been developed mainly to evaluate the
primary hemostasis status of patients in acute and critical
care settings. However, some tests are either inﬂexible and
not well adapted for CPDF diagnosis (as observed with the
PFA-100) or have never been evaluated in this particular
context. For example, the Global Thrombosis Test (GTT;
Montrose Diagnostics Ltd., London, UK) is performed by
using native non-anticoagulated WB, without adding activators. Platelet activation is only induced by high shear
stress similar to that in coronary arteries.47 Plateletworks
(Helena Laboratories, Beaumont, Texas, United States) is an
in vitro diagnostic, point-of-care test platform that is based
on quantifying platelets before and after platelet aggregation. The Plateletworks assay demonstrates the clinical
value of measuring both platelet count and function.
Reduced platelet counts reﬂect the extent of activated
platelets that have aggregated. However, the Plateletworks
assay is inﬂexible and technically challenging to operate, as
the test must be performed within a few minutes, which is
also the case with the GTT.48 Thromboelastometry provides
a viscoelastic measurement of clot formation in WB
samples. This method has been developed to test for
ﬁbrinogen and severe coagulation factor deﬁciencies,
hyperﬁbrinolysis, and platelet–ﬁbrin interactions, as previously described.47 This method is primarily used to monitor excessive postoperative bleeding and the need for blood
products during cardiac surgery. Rotational thromboelastometry (ROTEM) is an established viscoelastic method for
hemostasis testing. This system could be helpful to guide
the physician regarding any need for platelet transfusion or
other adjunct therapies notably during Glanzmann’s
thrombasthenia.49 When treating patients with congenital
or acquired platelet dysfunction, some intrinsic limits of
thromboelastometry to assess platelet function may be
overcome with the combined use of a point-of-care device
that also measures platelet aggregation.50,51
Recently, the “in vitro thrombosis model”52 has been
presented as an ambitious technique used to screen for
CPDF disorders, in which anticoagulated WB is perfused
over ﬁbrillar collagen in glass microcapillaries or parallelplate ﬂow chambers to monitor the formation of threedimensional aggregates. This model enables analysis of
the four main stages of platelet thrombus formation—i.e.,
platelet tethering, adhesion, activation, and aggregation—
under a wide range of hemodynamic conditions. Recommendations for standardization of these models have
recently been published by the Subcommittee on Biorheology of the ISTH.53
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Analytical Tests
Platelet dysfunction disorders may arise due to a variety of
root causes. As a result, to properly make a diagnosis, global
test results (often using LTA) should be conﬁrmed by additional analytical tests. These tests should aim to analyze the
following: (1) reduced expression levels of platelet surface
receptors or key intraplatelet molecules; (2) defects in
platelet activation, primarily by assessing the evolution of
receptors in response to activation or signaling events; and
(3) reduced levels of platelet granules.

Flow Cytometry
FC is used to distinguish between circulating cells and analyze
speciﬁc cell populations of interest. It is a widely used technique
to rapidly analyze many aspects of platelet biology and function. Brieﬂy, platelets in PRP or WB are labeled with ﬂuorochrome-tagged monoclonal antibodies (mAbs) with afﬁnity
against a selection of platelet-speciﬁc antigens (►Fig. 3).
Platelets are identiﬁed by using a ﬂuorochrome-conjugated
platelet marker or by assessing the characteristic scatter properties (forward scatter corresponds to platelet size, while side
scatter corresponds to platelet granularity). The light from the
laser excites all ﬂuorescent molecules associated with platelets,
and emitted ﬂuorescence is then collected, ampliﬁed, and
converted into an electronic signal. The ﬂuorescence signal is
directly proportional to the density of the antigen of interest.
The results are expressed either as median of ﬂuorescence or as
an absolute number of mAbs bound per platelet. The technique
enables the analysis of PRP or WB without previous separation
steps (minimal preanalytical artifacts, small volumes of blood
samples which is particularly interesting for studies involving
young children/neonates),54,55 and multiple ﬂuorochromes
(antigens) simultaneously in a single sample. Furthermore,
FC provides accurate analysis of severe thrombocytopenia
cases, such as Bernard–Soulier syndrome.56 FC is an important
technique used to diagnose CPDF disorders by assessing cell
surface membrane receptor deﬁciencies—e.g., Glanzmann’s
thrombasthenia (abnormal or lack of binding of ﬂuorescentlabeled IIb- or IIIa-speciﬁc mAbs),57 Bernard–Soulier syndrome
(abnormal or lack of binding of ﬂuorescent-labeled GP1b-,
GPIX-, or GPV-speciﬁc mAbs),56 and less common CPDF disorders, such as those involving defects in the GPVI receptor.58
Increased expression of platelet surface receptors (GPIIb/IIIa)
and receptor internalization (GPIb) can be evaluated by comparing resting and activated state platelet populations.59 In
addition to GP, which is constitutively expressed on the resting
platelet membrane, several other markers can be detected on
the platelet surface only after platelet activation: PAC1 antibody
and ﬁbrinogen are bound following activation-induced conformational changes in GPIIb/IIIa, granulophysin (CD63) is
detected after dense granule release, and P-selectin (CD62P)
is detected after alpha-granule release.54,60 FC can be used to
measure the ﬂuorescence of mepacrine, which binds adenine
nucleotides selectively with high afﬁnity. The analysis of mepacrine uptake and release is used to evaluate dense granule
deﬁciency as detailed later (“Dense granule deﬁciency”). FC is
also a valuable technique to diagnosis Scott’s syndrome, which
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is characterized by a translocation defect of the anionic aminophospholipid phosphatidylserine on the platelet surface after
platelet activation,61 leading to a reduced procoagulant activity
and a bleeding diathesis. Besides Scott’s syndrome, a very rare
syndrome, FC is of particular interest to recognize the subpopulation of procoagulant platelets exposing PS in association
with high levels of coagulation factors. They are observed in
vitro after dual agonist stimulation with collagen and thrombin
(COAT platelets) and represent approximately 32% of all platelets in controls.62,63 Methods to quantify coated platelets have
been described by different groups.63,64 Lower levels of coated
platelets were reported in intracerebral hemorrhage,65 and in
human and animal studies focused on bleeding diatheses.66–68
Identiﬁcation of increased coated platelets may improve the
ability to identify patients at high risk of recurrent stroke.69
Furthermore, FC may be used to assess intraplatelet signaling, in
which platelets must be permeabilized prior to labeling. Signaling downstream P2Y12 involves vasodilator-stimulated
phosphoprotein (VASP). Evaluation of VASP phosphorylation
in response to ADP may help diagnose functional defect in
P2Y12.70

Assessment of Platelet Granule Content and Release
Two types of platelet storage granules are typically analyzed:
electron-dense granules and alpha-granules. Dense granules
belong to the family of lysosome-related organelles. Each
platelet contains three to eight dense granules, which store
cations (Ca2þ, Mg2þ, Kþ), polyphosphate and pyrophosphate
esters (ADP, ATP, GTP), and bioactive amines (serotonin [or 5hydroxytryptamine, 5HT] and histamine). During platelet
activation, the release of dense granules is involved in
hemostasis and is indispensable for the formation of a stable
aggregate.71–73 Defective nucleotide signaling can account
for platelet function disorders that result in severe bleeding.74 Calcium is responsible for the electron density of these
granules when viewed via electron microscopy (EM). Alphagranules are more abundant (50–80 per platelet) than dense
granules, and they contain a large variety of proteins including adhesive proteins, coagulant and anticoagulant factors,
chemokines, and growth factors. Alpha-granules are involved in clot formation and vascular repair.75 The identiﬁcation of granule defects remains a challenge76,77 and
requires a variety of tests.
Dense granule deﬁciency. As global tests may yield normal
results for patients with dense granule deﬁciency (most
common type of platelet granule disorder78), appropriate
methods are required for diagnosis, including granule quantiﬁcation and assessment of granular constituents, both
before and after activation to examine platelet release reactions. Methods for diagnosis of dense granule deﬁciency are
based on a wide range of techniques including luminometry,
FC, ELISA, radio-isotopic assays, and high-performance liquid
chromatography (HPLC), which can be coupled with tandem
mass spectrometry (LC-MS/MS), ﬂuorescent microscopy, and
electron microscopy (►Fig. 3).
Nucleotide quantiﬁcation. Platelets contain two separate
nucleotide pools: a metabolically active pool primarily composed of ATP and a secretory pool with equal levels of ATP
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and ADP released by dense granules. While ATP (3.5–
5.9 nmol/108 platelets) plays a limited role in aggregation,
ADP (1.9–3.8 nmol/108 platelets) plays a major role in the
ampliﬁcation pathway by binding to P2Y12. Luminometry is
widely used to quantify nucleotides. In the context of nucleotide quantiﬁcation in platelets, the platelets are activated by
various agonists and released ATP and then react with
luciferin-luciferase reagent, thereby yielding a light signal
proportional to the ATP concentration. This technique
presents several major advantages: assays can be conducted
directly on PRP or WB and it is highly sensitive. The lumiaggregometer has also been developed to simultaneously
assess platelet aggregation and ATP release in samples of PRP,
WB, or washed platelets.79 However, this technique does not
detect ADP release, which may pose a problem for selective
defects in dense granule ADP transport associated with
bleeding and normal levels of ATP and serotonin but reduced
ADP levels (as described in dogs).80 ADP can only be quantiﬁed after phosphorylation to ATP by creatine kinase and
creatine phosphate, which serves as a phosphate donor in the
conversion of ADP to ATP. ATP, ADP, and AMP can also be
directly and simultaneously quantiﬁed using HPLC or
LC-MS/MS.81 The evaluation of the ATP:ADP ratio (e.g.,
normal >2) appears to be the best method to detect reduced
ADP levels. Selecting the appropriate type and/or concentration of activator(s) to stimulate dense granule release is
crucial, as this impacts the performance of the quantiﬁcation
assay. Pai et al have recommended the application of three
agonists in high concentrations, which reduces intra-assay
variability as well as intra- and intersubject variability.82 The
diagnosis of secretion defects is more accurate when abnormal nucleotide release is demonstrated with several agonists
and conﬁrmed on several occasions.82 Evidence-based
guidelines are needed to use and interpret these results
considering the high variability observed between patients
and healthy controls.83
Flow cytometry. As mentioned earlier, FC is used to analyze
dense granules, by assessing platelet granulophysin (CD63)
surface expression levels before and after activation as well as
mepacrine uptake and release. Several reports have emphasized the relevance of the mepacrine test to assess storage pool
disease.84–87 Platelet mepacrine uptake occurs rapidly, with
near maximum incorporation within 1 minute. After 1 minute,
the incorporated mepacrine is located in a pool, most of which
is released by thrombin. The thrombin-induced release of
mepacrine from dense granules increases within the ﬁrst
5 minutes, until levels plateau at 15 minutes.88 Platelet dense
granule release capacity is estimated by subtracting
mepacrine uptake levels after stimulation from that of the
nonstimulated sample. Recently, FC analysis of mepacrine
ﬂuorescence has been compared with platelet ATP/ADP content assays as a reference test. Mepacrine ﬂuorescence assays
appear effective to rule out dense granule deﬁciency and may
be proposed as an easy and convenient technique to identify
patients who require further extensive testing.89 Furthermore,
dense mepacrine-labeled granules can be directly observed
and quantiﬁed using ﬂuorescent microscopy, which enables
the quantiﬁcation of granules per platelet. The results are
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expressed as a distribution curve, which is compared with the
distribution curve of a control sample analyzed in parallel.90
Serotonin quantiﬁcation. Various assays are used to measure serotonin levels in platelets. The most direct and simple
method involves quantiﬁcation of serotonin by electrochemical detection after HPLC separation on serum or PRP samples.91 Alternatively, serotonin levels may be accurately
quantiﬁed via ELISA, ﬂuorometry, ﬂuorescent microscopy,
and FC on fresh or frozen PRP samples, depending on the
method used.91,92 Antidepressant drugs that inhibit 5-HT
reuptake have been associated with a marked decrease in
platelet 5-HT levels, leading to acquired 5-HT deﬁciency.
Secretion of radio-labeled serotonin (14C-serotonin) from
prelabeled platelets in response to agonist stimulation is a
sensitive test that can be used in laboratories that handle
radioactivity.93 As platelet serotonin and nucleotide levels
are not necessarily correlative, assessment of serotonin levels
cannot be substituted by nucleotide quantiﬁcation assays.
Whole-mount electron microscopy . This technique involves
an assessment of unﬁxed/unstained platelets to directly visualize electron-dense granules for quantiﬁcation. Brieﬂy, platelet samples are prepared by aliquoting a drop of PRP onto a
Formvar-coated grid, washing the platelets with distilled
water, and then air-drying the grid. The sample is then
examined by EM to determine the average number of electron-dense granules in 30 to 50 platelets. Samples may be
shipped to a specialized laboratory for analysis without any
preanalytical concerns, as reported in an External Quality
Assessment survey.94 High intra-subject variability has been
observed in cases with a mild reduction in dense granule
content, contrary to non-dense granule deﬁciency cases. Thus,
patients presenting with reduced levels of dense granules per
platelet must be retested, on a new sample, to conﬁrm the
diagnosis. Although dense granule counts are similar in pediatric and adult patients, the diagnosis of dense granule deﬁciency in very young children requires repeat testing to
conﬁrm the results at older age.95 Recently, super-resolution
light ﬂuorescent microscopy analysis of CD63-stained platelets has been proposed as an alternative to EM, to potentially
facilitate the automation of the quantiﬁcation process, enable
rapid quantiﬁcation of many platelets per patient, and provide
statistically robust discrimination between control and patient samples. Super-resolution light ﬂuorescent microscopy is
also less expensive.96
As there is no single test to diagnose dense granule defects, a
combination of methods is recommended to distinguish between quantitative defects (reduced dense granule numbers)
and qualitative defects (abnormal content). Normal basal
levels that decrease after stimulation suggest a platelet signaling abnormality rather than a speciﬁc granule defect. Additional studies are required to evaluate the prevalence and
characteristics of the different categories of storage pool
disease.
Dense granule deﬁciency can occur in isolation (δ-storage
pool disease, δ-SPD), combined with alpha-granule deﬁciency
(α/δ-SPD) and as part of a syndrome.97,98 Patients with
Hermansky–Pudlak syndrome (HPS) exhibit bleeding diathesis caused by dense granules deﬁciency and hypopigmentation
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of skin, hair, and eyes due to melanosome defects.99 There are
several well-established HPS types labeled according to the
gene that is mutated and numbered chronologically with their
discovery (►Table 1). Individuals suffering from Chediak–
Higashi syndrome (CHS) have bleeding diathesis due to dense
granule deﬁciency as well as decreased pigmentation and
severe immune deﬁciency due to malformation of additional
lysosome-related organelles. CHS patients have giant intracellular organelles that are pathognomonic of the disease.100 CHS
is caused by mutation of the LYST gene. HPS and CHS are
uncommon, autosomal recessive diseases. Griscelli syndrome
type 2 is a CH-like syndrome. It is a rare cutaneous disease
characterized by a silvery-gray sheen of the hair and hypopigmentation of the skin, which can be associated with
immunologic impairment and dense granule deﬁciency98
(►Table 1). Dense granule deﬁciency has also been associated
with thrombocytopenia due to mutations in transcription
factors (GATA1,101 FLI1,84 and RUNX1102 or in ﬁlamine A
[FLNA]103; ►Fig. 2, ►Table 1).

Alpha-Granule Deﬁciency
Several techniques are used to examine alpha-granules. The
absence of alpha-granules in platelets results in large pale
platelets as observed via light microscopy. FC is the most
commonly used assay to assess alpha-granule deﬁciency.
This technique can be used to analyze activated platelets for
expression of P-selectin (CD62P), an alpha-granule transmembrane protein expressed at the platelet surface. ELISA
can be used to detect secreted alpha-granule content (i.e.,
platelet factor 4, β-thromboglobulin, and plasminogen activator inhibitor 1 [PAI-1]). Analysis of PAI-1 antigen is of
particular interest because 95% of serum PAI-1 derives from
platelets and PAI-1 antigen exhibits high stability in serum,
which is useful when samples are frozen and shipped to a
specialized laboratory. Transmission EM continues to be an
important technology in the ﬁeld of platelet research.
Although the technique is relatively costly, it is the method
of choice to evaluate alpha-granule abundance. Transmission
EM is often used to conﬁrm the diagnosis of alpha-granule
deﬁciency after initial tests indicate abnormal results.11,104
However, special training is required to operate a transmission EM and analyze the results, and the system consists of
large and cumbersome instruments that require special
housing and maintenance (►Fig. 3).
Alpha-granule abnormalities may occur in isolation, as it
is the case with the gray platelet syndrome (NBEAL2 or GFI1b
variant), combined with dense granule deﬁciency (GATA1 or
FLI1 variants) and as part of a syndrome (arthrogryposis–
renal dysfunction–cholestasis [ARC] syndrome; ►Fig. 2,
►Table 1). ARC syndrome is multisystem disorder caused
by mutations in the VPS33B or VIPAR gene and associated
with congenital joint contractures, renal tubular dysfunction, and cholestasis.105

Other Analytical Tests
To reﬁne the diagnosis of CPDFs, complementary tests may be
helpful in some cases, such as speciﬁc assessment of suspected
deﬁcient proteins by immunoblot assays or intracellular FC.
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For example, the LADIII- and RASGRP2-related diseases are
primarily associated with a complete deﬁciency in Kindlin 3
and CalDAG-GEFI, respectively, which can be detected by
immunoblot assay. Intracellular FC can be used to determine
the phosphorylation status of key proteins in signaling pathways.106 Recently, immunoﬂuorescence labeling of blood
smears has been proposed as an alternative approach allowing
to diagnose approximately 30% of patients with suspected
CPDF.107 Advantages of this approach are the preanalytical
requirements (<100 µL venous or capillary blood), which
makes the method suitable for diagnosis in pediatric patients,
including neonates, and in patients presenting thrombocytopenia. The choice of the panel of antigens (e.g., thrombospondin-1, VWF, P-selectin for alpha-granules; Lamp1, Lamp2, and
CD63 for dense granules) may identify Glanzmann’s thrombasthenia, Bernard–Soulier syndrome, gray platelet syndrome,
GATA1 and GFI1B macrothrombocytopenia, and ﬁlamin A–
related thrombocytopenia. This method is of particular
interest for laboratories without access to high-throughput
sequencing (HTS). Several tests may be used to measure serum
and urine levels of TXA2 metabolites. This is useful to evaluate
platelet function and detect defects in TXA2 production, which
is essential for the ampliﬁcation of platelet activation.108–110
Quebec platelet disorder involves a gain-of-function mutation
of the urokinase plasminogen activator, which causes plasmin-mediated proteolysis of platelet alpha-granule content
and hyperﬁbrinolysis. This syndrome is a rare, autosomal
dominant bleeding disorder that has been described in a family
from Quebec Province in Canada.111,112 These patients experience joint bleeding, hematuria, and large bruises. Although
platelet morphology and alpha-granule levels are normal in
Quebec platelet disorder patients, platelet urokinase is 100
times higher in patients as compared with controls.113,114

High-Throughput Sequencing
HTS has recently been introduced into clinical diagnostic
laboratories that study constitutional platelet disorders,
thereby resulting in major advances in the ﬁeld. This
approach primarily involves targeted gene panel tests or
whole-exome sequencing. HTS has already made a signiﬁcant contribution to the improvement and expansion of
molecular diagnosis and enhanced the understanding of
platelet pathophysiology.115 This technique enables the rapid identiﬁcation of genes associated with platelet disorders
(►Table 1). It has also become less expensive and increasingly accessible. HTS could be critical in the diagnosis of patients
with chronic and familial mucocutaneous hemorrhagic
symptoms in whom a platelet disorder is suspected. Functional assays could be subsequently performed to evaluate
the pathogenicity of genetic variants identiﬁed via sequence
analysis. Further research would be useful to determine the
best place of HTS from a socioeconomic perspective. However, the expansion of HTS assays has raised several concerns
regarding variant interpretation and the ethical implications
of detecting incidental ﬁndings. For these reasons, only
clinical experts in CPDF physiopathology and those aware
of the phenotype–genotype relationship and ethical issues
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should be involved in the analysis and interpretation of HTS
results.

11 Gresele PSubcommittee on Platelet Physiology of the Interna-

Conclusion

12

Diagnosis of CPDF is a multistep process that begins with a
careful assessment of personal and family medical history,
followed by specialized platelet assays and genetic tests.
CPDFs are implicated in a wide spectrum of disorders, for
which diagnosis is often a signiﬁcant challenge even for
specialized laboratories. Moreover, most platelet functional
tests lack standardization, and quality control tests are
becoming an increasingly important issue. The implementation of HTS approaches to diagnose CPDF has resulted in
major advances in the ﬁeld. HTS represents a valuable
method to conﬁrm diagnoses, but it also introduces ethical
issues that highlight the necessity to discuss expectations
prior to testing. Therefore, platelet assessment tests should
be conducted in specialized centers, where platelet function
tests can be properly performed and interpreted. In cases
when appropriate clinical and gene panel tests fail to yield an
accurate diagnosis, external research laboratories may be
involved for further platelet analysis, provided that patient
consent is obtained. This may be a powerful opportunity to
enhance the understanding of undiagnosed rare platelet
disorders and facilitate the development of new diagnostic
options.
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