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Abstract
Haemophilia A and B are X-linked hemorrhagic disorders caused by gene variants in the F8 and F9 genes. Due to recessive
inheritance, males are affected, while female carriers are usually asymptomatic with a wide range of factor VIII (FVIII) or IX
(FIX) levels. Bleeding tendency in female carriers is extremely variable and may be associated with low clotting factor
levels. This could be explained by F8 or F9 genetic variations, numerical or structural X chromosomal anomalies, or
epigenetic variations such as irregular X chromosome inactivation (XCI). The aim of the study was to determine whether
low FVIII or FIX coagulant activity in haemophilia carriers could be related to XCI and bleeding symptoms. HUMARA
assay was performed on 73 symptomatic carriers with low clotting activity ≤50 IU/dL. Bleeding Assessment Tool (BAT)
from the International Society on Thrombosis and Haemostasis (ISTH) was used to describe symptoms in the cohort of
carriers. In 97% of haemophilia carriers, a specific gene variant in heterozygous state was found, which alone could not
justify their low FVIII or FIX levels (≤50 IU/dL). A statistical association between XCI pattern and FVIII and FIX levels was
observed. Moreover, female carriers with low coagulant activity (≤20 IU/dL) and high degree of XCI ( ≥ 80:20) had a higher
ISTH-BAT score than the carriers with the opposite conditions (>20 IU/dL and <80:20). In our cohort of haemophilia
carriers, XCI was significantly skewed, which may contribute to the low expression of clotting factor levels and bleeding
symptoms.

Introduction

Haemophilia A (OMIM:306700) and B (OMIM:306900)
are the most recognised and common hereditary hemor-
rhagic disorders caused by gene variants in factor VIII (F8)
or factor IX (F9) genes, located on the long arm of the X
chromosome. Factor VIII (FVIII) and factor IX (FIX) are
two plasma glycoproteins that play an essential role in

coagulation. Their deficiency or dysfunction causes a defect
in clot formation and consequent bleeding diathesis.
Recurrent bleeding events occur spontaneously within
muscles and joints, mainly in patients with severe haemo-
philia, resulting in disabling musculoskeletal damage and
chronic arthropathy [1, 2].

Both types of haemophilia share the same manner of
hereditary transmission, as a recessive X-linked trait. Thus,
men are generally affected, while female carriers are usually
asymptomatic and express about half the normal activity
level of the factors, due to a variety of genetic defects in
heterozygous state [3, 4]

Carriers of haemophilia are known to have a wide
range of clotting factor levels, from very low, resembling
affected males, to values within the normal range, with
variable bleeding symptoms. The phenotypic expression
of the disease in females may result from different genetic
mechanisms, due to the presence of F8 or F9 defects in
homozygous (e.g., consanguineous) or compound het-
erozygous state, from X chromosome abnormalities such
as monosomy X (45 X, Turner syndrome), or from
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skewed X chromosome inactivation in heterozygous
female carriers [5].

X chromosome inactivation (XCI) is an epigenetic
phenomenon that occurs early in embryonic life at the
blastocyst stage, in which both copies of the X chromosome
(in female mammals) have an equal chance of becoming
inactive. XCI is widely believed to be a random and
unbiased process, but recent data reveal that quantitatively
biased inactivation patterns occur in some placental mam-
mal species. For certain X-linked disorders in humans, a
secondary cell selection occurs after an initially random
XCI [6, 7].

The process of inactivation of the X chromosome begins
with its packaging in a transcriptionally inactive structure
called heterochromatin and CpG hypermethylation, which
results in the silencing of the majority of genes on one of the
two X chromosomes [8, 9]. This process ensures that female
XX cells have an equal dosage of X chromosomal gene
products compared to male XY cells. The XCI ratio of
normal females can range from a 50:50, in which each X
chromosome is active in an equal number of cells, to
a highly skewed ratio of 0:100, in which the same X
chromosome is active for all cells [10].

In carriers of X‐linked disorders, a non-random X chro-
mosome inactivation could result in a symptomatic female,
in whom the normal X chromosome is predominantly inactive
[11, 12].

In this study, we analyzed the distribution of the X
inactivation pattern in a group of haemophilia carriers with
coagulant factor levels of ≤50 IU/dL. In addition, bleeding
tendency was quantitatively evaluated by Bleeding
Assessment Tool (BAT) from the International Society on
Thrombosis and Haemostasis (ISTH) and correlated with
coagulation factor level and the X chromosome inactivation
pattern observed in our cohort of haemophilia carriers.

Materials and methods

Subjects

We genetically characterized a total of 468 patients with
mild/moderate or severe haemophilia A or haemophilia B,
from 419 unrelated families, who referred to Angelo
Bianchi Bonomi Haemophilia and Thrombosis Centre in
Milan, Italy. Of the 244 haemophilia carriers identified at
our centre from 2001 to 2019, 215 are carriers of haemo-
philia A and 29 of haemophilia B, with a coagulant factor
level between 1 and 110 IU/dL. Among these women, we
selected female carriers with a level of FVIII and FIX
between 1 and 50 IU/dL, who made up 30% (73/246) of the
female carriers referred to our centre [13, 14]. World Fed-
eration of Hemophilia (WFH) guidelines classify female

carriers with clotting factor levels of ≤50 IU/dL as having
haemophilia [15].

Seventy-nine female non-carriers of haemophilia were
recruited as a control group.

The median age of carriers and non-carriers was 44 years
(IQR:35–52) and 40 years (IQR:31–48), respectively.

Written informed consent was obtained from all subjects
at the time of blood sample collection and was carried out in
accordance with the Declaration of Helsinki.

Coagulation assays

Blood samples were collected in 3.2% buffered citrate
solution (1:9 anticoagulant to whole blood). FVIII and FIX
coagulant activity (FVIII:C and FIX:C) were measured
using one-stage clotting assay as described in the literature
[16].

FVIII and FIX activity was entered in medical records
and in case of several different levels, the baseline level,
defined as the lowest ever recorded value considered
accurate, was provided [17].

Von Willebrand factor antigen (VWF:Ag), von
Willebrand factor ristocetin cofactor activity (VWF:RCo)
and FVIII binding to VWF were measured to rule out von
Willebrand disease type 2 Normandy in symptomatic
female carriers with low FVIII:C levels. These assays
were carried out using previously described methods
[18–20].

DNA extraction and FVIII and FIX gene analysis

Genomic DNA was extracted from whole blood according to
standard procedure [21]. Analysis for the presence of intron
22 [22] and intron 1 [23] inversions of the F8 gene were
performed as described in the literature. Coding regions,
intron/exon boundaries, and the 5’ and 3’ untranslated regions
of the F8 (NG_011403.1) and F9 (NG_007994.1) were
amplified by PCR and sequenced on an ABI PRISM 3130™
Genetic Analyzer capillary sequencer (Applied Biosystems).

The F8 and F9 gene sequences were aligned using the
Basic Local Alignment Search Tool (http://blast.ncbi.nlm.
nih.gov). All oligonucleotides and PCR conditions are
available on request.

Multiplex ligation-dependent probe amplification
(MLPA) was carried out with SALSA probemix P178 and
P207 (MRC Holland), according to the manufacturer’s
recommendations. Amplification products were analyzed on
an AB1 PRISM 3130™ Genetic Analyzer (Applied Bio-
systems) and the dosage quotient was calculated with
COFFALYSER software (MRC Holland).

The F8 and F9 gene variants are reported according to the
guidelines of the Human Genome Variation Society
(http://www.hgvs.org/mutnomen/recs.html). Genetic variants
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were checked using the Mutalyzer website (https://mutalyzer.
nl/). GeneBank accession numbers NM_000132.3 and
NP_000123.1 for F8 and NM_000133.3 and NP_000124 for
F9 were used as references.

ABO genotyping

ABO blood group information was collected by clinicians
or through ABO blood group polymorphism analysis.
Briefly, genomic DNA was amplified using primers speci-
fically designed for exon 6 of ABO glicosyl transferase
locus (NC_000009.12); 5 µl of PCR products were digested
with KpnI restriction enzyme [24] and analyzed as pre-
viously described [25].

X chromosome inactivation assay

X inactivation status was studied by methylation-sensitive
endonuclease digestion (HhaI), coupled with PCR analysis
of a polymorphic CAG repeat in exon 1 of the human
androgen receptor (HUMARA) gene (NC_000023.11) [26].
The test was performed in duplicate in the 70% and in
triplicate in 30% of the analyzed samples.

The degree of the XCI pattern was calculated as peak
area of [(XC1digested/non digested)/(XC2 digested/non
digested) + (XC1 digested/non digested)] × 100 and was
classified as random (ratios 50:50 < 80:20), skewed (ratios
80:20 < 90:10), or extremely skewed (≥90:10) [9].

In addition, one digested and one undigested male
sample were included as controls in every batch of samples,
to verify the completed digestion and amplification efficacy.

To discriminate whether the mutant allele (F8 or F9) is
predominantly active, the affected male was analyzed, when
available.

Bleeding symptoms

Bleeding tendency in female carriers of haemophilia was
evaluated using the standardized, quantitative ISTH-BAT
score [27]. The questionnaire can translate the severity of
a range of bleeding symptoms into a final, summative
bleeding score by assigning one point for every type of
bleeding episode plus up to four additional points per type,
depending on its nature (spontaneous versus post-traumatic
or following surgical procedures), severity, duration, loca-
lization, and frequency, which were predefined for each
bleeding episode [27].

Sixty-five carriers of haemophilia A and B were inter-
viewed by a single physician, retrospectively. Bleeding data
were not available for eight female carriers. A normal range
for bleeding severity score was published in 2014 and the
cut-off for a positive or abnormal bleeding score was set at
≥6 in adult females [28].

Statistical analysis

Data are presented as medians and interquartile ranges
(IQRs) for continuous variables and as counts and percen-
tages for categorical variables. Correlation between the
percentage of X inactivation pattern and coagulant factor
level was demonstrated using the Pearson method.

Fisher’s exact test was used to determine if there was a
non-random association between two categorical variables
(XCI pattern and clotting factor level).

ROC analysis was used to determine a threshold for
discerning the skewing pattern.

The Wilcoxon rank-sum test was used to assess differences
between the median coagulant factor values in different
groups.

All P values were two-sided, with <0.05 considered
statistically significant. All analyses were performed using
the statistical software R, release 3.5.1 (R Foundation for
Statistical Computing, Vienna, Austria)

Results

Fifty-six carriers of haemophilia A and seventeen carriers of
haemophilia B showed low clotting FVIII and FIX activity
with a median of 38 IU/dL (IQR:30–44) and 24 IU/dL
(IQR:18–37), respectively (Table 1). A very low FVIII:C and
FIX:C level (≤20 IU/dL) was observed in ten carriers of
haemophilia A and five of haemophilia B. Table S1 (Sup-
plementary material) shows in detail the FVIII and FIX coa-
gulant plasma levels for each carrier of haemophilia A and B.

In almost all women with low FVIII:C level, VWF:Ag,
VWF:RCo and FVIII binding to VWF were normal except
for one who turned out to be a carrier of both severe hae-
mophilia and von Willebrand disease type 1.

Genetic analysis of the F8 and F9 identified a
heterozygous gene variant in 71 out of 73 symptomatic
women (97%).

Different types of F8 genetic variants were detected,
including intron 22 inversions (29%), large deletions (5%),
small deletions/insertions (20%), non-sense variants (16%),
splice site variants (4%), and missense variants (23%), as
reported in Tables 1 and S1 (Supplementary material). No
F8 gene variant was identified in two carriers of haemo-
philia A (3%) (Table 1).

Gene defects observed in 17 carriers of haemophilia B
were mainly missense variants (53%), followed by non-
sense variants (23%), small deletions (12%) and splice site
variants (12%) (Tables 1 and S1, Supplementary material).

Phenotypic and genotypic data were anonymously sub-
mitted to the ClinVar database (ClinVar accession numbers:
SCV001424858–SCV001424904) (Tables 1 and S1, Sup-
plementary material).
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Analysis and distribution of skewed XCI pattern

Three female carriers of haemophilia and 11 female non-
carriers were uninformative due to HUMARA homozygosity
and were thus excluded from the analysis.

Approximately 20% (14/70) of haemophilia carriers
showed an extremely skewed XCI (≥90:10), while 33% (23/
70) showed a skewed pattern of ≥80:20 (Table 2). In con-
trast, only 9% (6/68) and 14% (10/68) of the women in the
group of non-carriers showed an extremely skewed or
skewed XCI, respectively, similarly to the frequencies
found in a control group (3.6% and 14.2%) reported in a
previous study (Table 2) [10]. A skewed XCI (≥70:30) was
detected in 57% (40/70) of haemophilia carriers in contrast
to 26% (18/68) in the non-carriers group and 25% in a
control group of women (Table 2) [10].

It was possible to distinguish mutant X chromosome and
wild‐type X chromosome alleles in 13 cases with family
history of haemophilia. In these cases, the mutant allele (F8 or
F9), inherited from haemophilic parents, was predominantly
active. In two cases, with no family history of haemophilia,
the active X chromosome was the mutant F8 allele inherited
from the mother, who was a carrier as confirmed by genetic
testing (Table S1, Supplementary material).

Correlation between coagulant factor level and XCI
pattern

To assess whether the low FVIII and FIX activity
(≤50 IU/dL) in female carriers of haemophilia could be
related to the degree of XCI pattern, we investigated the
overall correlation between percentage of XCI pattern and
coagulant factor levels of each carrier of haemophilia. A
correlation between coagulant factor level and percentage of
XCI pattern was found in haemophilia A and B carriers,
with a value of r=−0.60, as shown in Fig. 1. Moreover,
the same analysis was performed after separating cases of

Table 1 Characteristics of haemophilia A and B carriers. Phenotypic and
genotypic data were anonymously submitted to the ClinVar database
(ClinVar accession numbers: SCV001424858–SCV001424904).

Number of carriers

Haemophilia A 56

Haemophilia B 17

Age (years)

Median (IQR) 44 (35–52)

Coagulant factor level

FVIII:C (IU/dL), median (IQR) 38 (30–44)

FIX:C (IU/dL), median (IQR) 24 (18–37)

Gene variant

Haemophilia A

Intron 22 inversion; n (%) 16 (29%)

Large deletion; n (%) 3 (5%)

Small deletion/insertion; n (%) 11 (20%)

Non-sense; n (%) 9 (16%)

Splice site; n (%) 2 (4%)

Missense; n (%) 13 (23%)

No mutation; n (%) 2 (3%)

Haemophilia B

Missense; n (%) 9 (53%)

Non-sense; n (%) 4 (23%)

Splice site; n (%) 2 (12%)

Small deletion; n (%) 2 (12%)

ABO groupa

0 (n) 29

FVIII:C (IU/dL), median (IQR) 38 (30–44)

Non-0 (n) 27

FVIII:C (IU/dL), median (IQR) 37 (29–45)

Bleeding symptoms

Menorrhagia 46/62 (74%)

Cutaneous 45/65 (69%)

Tooth extraction 26/46 (54%)

Epistaxis 28/65 (43%)

Bleeding post-surgery 20/48 (42%)

Post-partum hemorrhage 10/41 (24%)

Bleeding from minor wounds 12/65 (18%)

Muscle haematomas 11/64 (17%)

Oral cavity 9/65 (14%)

Haemarthrosis 7/65 (11%)

Gastrointestinal bleeding 3/64 (5%)

Hematuria 5/65 (3%)

Central nervous system bleeding 0/65 (0%)

Other bleedings 9/65 (14%)

No bleeding history 4/65 (5%)

No data available 8 (11%)

aABO group tested only in women with haemophilia A.

Table 2 Skewed inactivation pattern in haemophilia carriers, non-
carriers and adult female controls. (XIP: XCI pattern).

Frequency of skewed X inactivation (%)

XIP Carriers
(n= 70)

Non-carriers
(n= 68)

Female controlsa

(n= 415)

≥90:10 20 (14/70) 9 (6/68) 3.6

≥80:20 33 (23/70) 15 (10/68) 14.2

≥70:30 57 (40/70) 26 (18/68) 25

aData on 415 adult female controls from the study by Amos-Landgraf
et al. [10].
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haemophilia A from haemophilia B. A Pearson’s value of
r=−0.58 was found for carriers of haemophilia A and of
r=−0.69 for carriers of haemophilia B, indicating that
there was still a correlation between coagulant factor level
and degree of XCI pattern even considering women with
haemophilia A and B separately.

In particular, the group of carriers with coagulant factor
level below 20 IU/dL showed a high degree of XCI pattern
(≥80:20), which seems to be an appreciable determinant of
low clotting factor level (Fig. 1). A statistical association
between XCI pattern and level of FVIII:C and FIX:C was
observed (p < 0.001). Ninety-three percent of haemophilia
carriers with a clotting factor level of ≤20 IU/dL showed an
XCI pattern of ≥80:20 (Table 3).

ABO group

ABO blood group (O or non-O) information was gathered
for all haemophilia A carriers recruited in the study: 29 out
of 56 with group O and 27 with group non-O. We found no
significant difference in FVIII coagulant activity between

group O [FVIII:C median 38 IU/dL (IQR: 30–44)] and non-
O [FVIII:C median 37 IU/dL (IQR: 29–45)] (p= 0.82),
suggesting that ABO locus alone was not sufficient to
explain the variation observed in these carrier women with
low FVIII levels (Table 1).

Bleeding symptoms and coagulant factor levels

In our cohort of haemophilia carriers, the most common
bleeding symptoms were menorrhagia (74%) and cutaneous
bleeding (69%). Twenty-six women out of 46 (54%)
experienced bleeding after tooth extraction, while 20 out of 48
had bleeding after surgery (42%). Epistaxis was experienced
in 43% of the cohort. Haemarthrosis and muscle haematomas,
which are the most frequent symptoms in haemophilic
patients, were reported only in 11 and 17%, respectively.
Female carriers with these types of bleeds had lower factor
coagulant activity than other carriers without these symptoms.
The median factor level in carriers with haemarthrosis was 4
IU/dL (IQR: 3–7) versus 37 IU/dL (IQR: 28–44) in female
carriers without haemarthrosis (p < 0.001); while in female
carriers with muscle hematomas, the median factor coagulant
level was 14 IU/dL (IQR:7–28) versus 38 IU/dL (IQR:
29–44) in carriers without haematomas (p < 0.001).

Female carriers with a BAT score ≥6 showed a median
factor coagulant level of 28 IU/dL (IQR: 12–37), while hae-
mophilia carriers with a BAT score <6 had a median factor
coagulant level of 39 IU/dL (IQR: 30–44) (p= 0.003).

A comparative analysis of the BAT scores of two groups
of haemophilia carriers was performed by dividing our
cohort of carriers into two groups based on FVIII/FIX level
and XCI pattern degree. Group A included female carriers
with a coagulant factor level ≤20 IU/dL and skewed XCI
pattern (≥80:20), while group B consisted of female carriers
with a coagulant factor level >20 IU/dL and a random XCI
pattern (<80:20). This analysis emphasized that group B
had a median BAT score of 15 (IQR: 8–18), while female
carriers belonging to group A showed a median BAT score
of 5 (IQR: 2–8) (p= 0.001) (Fig. 2). In addition, we eval-
uated the relationship between the BAT scores of the two
groups of women with haemophilia as a categorical vari-
able, i.e. abnormal (≥6) as opposed to normal (<6). An
abnormal BAT score (≥6) was found in 12 out of 14 carriers
in group B. In group A, 16 women showed an abnormal
BAT score, while 23 were normal. Therefore, the prob-
ability of having an abnormal BAT score in group B was
86% versus 41% for group A (p= 0.004).

Gene defect and bleeding phenotype

To assess whether there was a relationship between the type
of gene defect, bleeding phenotype and factor level, gene
variants were clustered into null variants (intron 22
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Fig. 1 XCI pattern (XIP) versus coagulant factor level: distribution
in carriers of haemophilia. Dashed horizontal line indicates clotting
factor level at 20 IU/dL and dashed vertical lines indicate XIC patterns
50%, 80% and 90%. Correlation between XIP and coagulant factor level
was demonstrated using the Pearson method (r=−0.60). Black circles
indicate female carriers of haemophilia A and grey circles female carriers
of haemophilia B.

Table 3 Contingency analysis of FVIII and FIX activity versus XCI
pattern (XIP) biphasic association in haemophilia carriers. Fisher’s
exact test statistic: p < 0.001. The threshold of 20 IU/dL was
determined by ROC analysis.

Coagulant factor activity XIP (%)

≥80:20 <80:20

≤20 IU/dL 14 1

>20 IU/dL and ≤50 IU/dL 9 46
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inversions, large deletions, small deletions/insertions, non-
sense variants) and non-null variants (missenses and splice
site variants) [29]. Female carriers of null variants with a
BAT score ≥6 showed a median factor level of 34 IU/dL
(IQR: 20–40), while female carriers of non-null variants
with a BAT score ≥6 had a median factor level of 13 IU/dL
(IQR: 10–23) (p= 0.053). Female carriers of null variants
with a BAT score <6 had a median factor level of 39 IU/dL
(IQR: 30–44), while carriers of non-null variants with a
BAT score <6 had a median factor level of 42 IU/dL (IQR:
34–45) (p= 0.550).

Discussion

X-linked disorders are generally expressed in males while in
female carriers the phenotype is more variable. Carriers,
who inherit the mutated F8 or F9 gene of haemophilia, are
expected to have ~50% of the normal population’s clotting
factor levels due to X chromosome inactivation. The
variability of phenotypic expression of the disease might
be attributable to several genetic mechanisms, including the
skewed silencing of the X chromosome. In this study, we
analyzed the XIC pattern in symptomatic female carriers of
haemophilia A and B, two X-linked disorders.

In our cohort, a specific, heterozygous single gene var-
iant was found in 97% of female carriers, which alone did
not justify their low factor levels. HUMARA assay results
showed that low coagulant factor activity was associated
with an unfavourable XCI skewing. In particular, a negative
correlation was found in the carrier group between skewed
XCI pattern (≥80:20) and very low coagulant factor level
(≤20 IU/dL), as previously observed by Renault and

colleagues [11]. It is worth noting that another study did not
find a correlation between XCI and coagulant factor level in
a cohort of haemophilia carriers [30]. Additionally,
HUMARA locus analysis showed that 33% of haemophilia
carriers had a skewed XCI of ≥80:20, while an extremely
skewed XCI (≥90:10) was observed in 20% of female car-
riers. Previous estimates of the degree of XCI in other X-
linked diseases, such as X-linked mental retardation and
Lesch-Nyhan disease, report XCI values comparable with
our data [31]. Conversely, an extremely skewed inactivation
pattern is very rare in the normal population, with XCI ≥
90:10 and XCI ≥ 80:20 in 3.6% and 14.2% of women in a
control group, respectively [10, 32]. These data are similar
to those found in our control group of non-carrier Italian
females.

The high degree of XCI in women with X-linked dis-
orders has been explained by recent data showing that a
secondary cell selection occurs after an initially X-random
inactivation process. It has been recognised that cell selec-
tion can occur both against those cells in which the gene
variant is on the active X chromosome and against those
cells in which the gene variant is on the inactive X chro-
mosome [33]. Most of the time, the presence of an X-linked
variant results in a growth disadvantage of cells expressing
the mutated allele [33, 34], but exceptions have been
reported [35–37].

In recent years, understanding of the X inactivation process
has increased significantly, and it is believed that XCI is not
only a biological process occurring early in embryonic life at
the blastocyst stage, but also an important modifier of X-
linked disorders in females. In humans, the timing of XCI
choice and whether the choice occurs completely randomly or
under a genetic influence is debated [38, 39].

The opinion that X-linked disorders are only relevant for
males is becoming outdated, as emphasized by the large
number of studies linking skewed X chromosome inacti-
vation to the phenotype in female carriers with X-linked
disorders such as haemophilia. Our data reveal that XCI
seems to be an appreciable determinant of clotting factor
residual level, with potential clinical significance particu-
larly in haemophilia carriers in whom the genetic defect on
a single allele cannot explain a very low factor level. XCI
can influence the coagulant factor level and severity of
haemophilia A in heterozygous female carriers, but a further
contributing factor, such as ABO group, may also affect the
factor level. Phenotypically normal individuals with blood
group O could have a 25% reduction of FVIII coagulant
activity compared to non-O individuals, due to the effects of
the ABO locus on von Willebrand factor antigen [40, 41].

In our study, we found no correlation between blood
group O versus non-O and coagulant FVIII levels, in
agreement with previous findings [42, 43]. This could
suggest that ABO locus alone is not sufficient to explain
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Fig. 2 Comparison of ISTH-BAT score between two groups of
haemophilia carriers. Group A: carriers with factor level >20 IU/dL
and XIC pattern <80:20. Group B: carriers with factor level ≤20 IU/dL
and XIC pattern ≥80:20. Dashed horizontal line indicates the abnormal
value of ISTH BAT score (≥6).
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variation in FVIII coagulant level, although this finding may
also be due to the small number of carriers analyzed.

The bleeding symptoms of men with haemophilia are
well known, while little information is available on bleed-
ings in haemophilia carriers. Historically, carriers were
thought to have a limited bleeding phenotype, as the
majority of them express about half the normal plasma
factor level that is considered adequate for haemostasis [3].
Mounting evidence supports the notion that haemophilia
carriers may exhibit an increased bleeding tendency despite
coagulant factor levels within the normal laboratory range
(greater than 2 standard deviations below the population
mean) [44, 45]. An early publication in 1951 reported
excessive bleeding after tooth extraction in 47% of hae-
mophilia carriers [46]. The first description of a severe
phenotype in a small cohort of female carriers dates to 1978
[47]. Subsequent publications consisted of a small cohort
case series relying on non-standardized approaches to
evaluate bleeding symptoms. These studies showed that the
major episodes were prolonged bleeding after minor sur-
geries (tonsillectomy and tooth extractions), joint bleeds, or
post-partum bleeding [48–50].

In 2006, a large cohort cross-sectional study examined the
risk of bleeding in 225 carriers of haemophilia A and B
compared with a group of 143 non-carriers [3]. An association
among low clotting factor levels (≤40 IU/dL) and an increased
risk of bleeding from small wounds and joint bleeds was
highlighted. Subsequently, a multicenter study in the United
States of women with FVIII and FIX levels between ≤1 IU/dL
and 50 IU/dL showed that mucocutaneous bleeding was the
most prevalent symptoms in this cohort of haemophilia
carriers, while joint bleeds were also detected [51, 52].
Menorrhagia and post-partum bleeding were unexpectedly
less frequent than reported prior to that study.

In our cohort of haemophilia carriers, the most frequent
hemorrhagic symptoms were menorrhagia, cutaneous
bleeding, prolonged bleeding after tooth extraction and
epistaxis, in agreement with data from previous studies
[17, 44, 52, 53]. Interestingly, 11 and 17% of women
reported haemartrosis and muscle haematomas, respec-
tively, which are the most severe types of bleeding in
haemophilia patients, and a correlation was found between
these types of bleeding and lower levels of the coagulant
factor. This finding also emerged in a multinational study
conducted by members of the Global Emerging Hemostasis
Panel (GEHEP) on a large number of haemophilia carriers
[17]. Haemarthrosis and muscle hematoma were reported in
9 and 11% of carriers, respectively, and were more frequent
in those with low FVIII and FIX levels.

Additionally, in our cohort, when evaluating bleeding
symptoms considering both severity and frequency according
to BAT score, a significant difference in factor levels between
the group of carriers with a high bleeding score (BAT ≥ 6) and

the group with a low bleeding score (BAT < 6) was found, in
agreement with previously reported data from a multinational
study of haemophilia carriers [53]. The probability of having
an abnormal BAT score in the group of women with factor
activity ≤20 IU/dL and skewed XCI (≥80:20) was 86%,
compared with 41% for the group with opposite conditions
(factor activity >20 IU/dL and random XCI). Clinical data,
collected from haemophilia carriers in our study, showed that
even women who were mildly affected (≤20IU/dL), experi-
enced severe symptoms including haemarthrosis and muscle
bleeding.

Clinical data also showed a high prevalence of bleeding
symptoms in haemophilia carriers, with many specific
female symptoms (obstetrical and gynecological) and
demonstrated that many carriers had low factor activity
levels in the range of mild haemophilia as defined in males.

Low coagulant levels, associated with a skewed X
chromosome inactivation, may explain the severe clinical
evidence observed in our cohort of haemophilia carriers.

Moreover, carriers of non-null variants showed lower
factor level and more severe clinical phenotype, though this
is not statistically significant (p= 0.053). Further studies are
needed to better elucidate mechanisms that connect bleed-
ing phenotype and the type of underlying gene variant.

In conclusion, our study demonstrates that XCI might
greatly influence the phenotype and expression of X-linked
diseases, although it is only one of the factors contributing
to the complexity of the haemophilia carrier phenotype.
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