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Von Willebrand disease (VWD) is the most common inherited coagulation disorder to be seen in humans. It originates from a
deficiency and/or dysfunction of the von Willebrand factor (VWF), a large multimeric glycoprotein playing a central role in
the hemostasis process. VWD occurs in a large variety of forms, and its symptoms may range from sporadic nosebleeds and
mild bleeding from small lesions in skin, to acute thrombocytopenia or prolonged bleeding episodes. Diagnosing VWD may be
complicated because of the heterogeneous nature of the disorder. Two mechanistic models of VWD are proposed in this arti-
cle, and their performance is assessed using clinical data. Models allow for the automatic detection of the disease, as well as
for a quantitative assessment of VWF multimer distribution patterns, thus elucidating the critical pathways involved in the dis-

ease recognition and characterization. © 2014 American Institute of Chemical Engineers AIChE J, 60: 17181727, 2014
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Introduction

Von Willebrand disease (VWD) is the most common inher-
ited coagulation disorder described in humans. The disease is
characterized by a deficiency and/or dysfunction of the von
Willebrand factor (VWF), a large multimeric glycoprotein
mediating the adhesion and aggregation of platelets to the sub-
endothelium and carrying the coagulation factor VIII (FVIII)
in the blood circulation. The predominant clinical symptoms of
VWD include nosebleeds, bleeding from small lesions in skin,
mucosa, or the gastrointestinal tract, menorrhagia, and exces-
sive bleeding after traumas, surgical interventions, or child-
birth." Based on studies performed in Italy and the USA, the
most frequently quoted estimate of prevalence of VWD is
around 1% .>* More recent data from tertiary health hospitals
confirm that based on a population of 5.8 billion, there should
be at least 580,000 persons with symptomatic VWD worldwide
(100 cases per million persons) and approximately 80% of
these persons live in the emerging countries.*

Figure 1 shows a sketch of the base mechanisms involved in
the distribution of VWF in the bloodstream. VWF is synthesized
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at the level of endothelial cells and megakaryocytes5 and then
secreted into the plasma. While still in the cells, the VWF subu-
nits form ultralarge (UL) multimers, later cleaved by a specific
enzyme (ADAMTSI13) in the circulation leading to a precise
plasma multimer pattern. VWF is characterized by a complex
multimeric structure, with oligomers ranging from 500k to more
than 20M daltons, and the largest multimers are the most active
hemostatically.6 Once in the bloodstream, VWF multimers are
cleared with a half-life of 12-20 h by a mechanism that is
believed not to depend strongly on multimer size.” Mean plasma
VWF concentrations depend on the balance between the release
of VWF from endothelial cells and its removal from the blood
circulation, but the extent of modification of multimer distribu-
tion, reflecting the competition between clearance and cleavage
(proteolysis) by means of ADAMTSI13, influences the hemo-
static activity of the subject affected by VWD.

VWD is a very heterogeneous disease characterized by a
strong intersubject and intrasubject variability. There are three
types of VWD (Type 1, Type 2, and Type 3).8 Type 1 is the
most common VWD type, accounting for the 60% of all cases,
and depends on a reduction in VWF concentration and on an
homogeneous decline in VWF function without important
structural anomalies on VWEF. Type 2 group includes VWF
anomalies with a prevalent functional defect, with four main
subtypes, namely 2A, 2B, 2M, and 2N; Type 3 coincides with
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Figure 1. Base mechanisms involved in the distribution
of VWF in the bloodstream.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

the virtual absence of VWF." The exact collocation of subtype
Vicenza, a VWD variant characterized by a drastically reduced
VWEF survival frequently quoted among Type 1, is still a mat-
ter of debate in the scientific community.

In the clinical practice, the diagnosis of VWD® strongly relies
on the clinician’s expertise and usually requires a long and
time-consuming procedure articulated in distinct phases and lev-
els of investigation. After an initial evaluation of the patient his-
tory and a general physical examination, a laboratory diagnosis
and monitoring procedure usually starts with a set of initial tests
carried out in vivo for the detection of VWD by analyzing
VWEF levels. Preliminary tests for VWD screening involve the
measurement of the global amount of VWF protein present in
plasma (VWF:Ag), the function of the VWF protein that is pres-
ent as ristocetin cofactor activity (VWF:RCo) and VWF colla-
gen binding capacity (VWF:CB), and the ability of the VWF to
serve as the carrier to factor VIII (FVIII). If one or more of the
tests are abnormal, advanced clinical tests (platelet VWF content
and VWF multimer count) are required in order to discriminate
among possible VWD forms and types. Repetitions of prelimi-
nary and advanced diagnostic tests are very frequent, particularly
when very low VWF levels are involved in the investigation,
because of the poor reproducibility of the clinical tests and the
significant intersubject variability.

The availability of a reliable model describing the physiologi-
cal behavior of a subject suffering from VWD would be benefi-
cial for several reasons: to elucidate the critical pathways
involved in the diseases, to optimally design new clinical tests
that are shorter, more effective and less stressing for the patient,
and possibly to set up more tailored therapeutic approaches.

Single-compartment pharmacokinetic (PK) models allow
analyzing the results obtained from PK experiments where
VWEF plasma concentrations are measured after the subcutane-
ous administration of a vasopressin analog (DDAVP), forcing
the release of VWF from endothelial cells.'® PK models pro-
vide useful indications in the characterization of VWD types
by mean of PK indices (elimination half-lives, clearance rates,
and amount of DDAVP-induced VWF released). The approach
allows for the investigation of several factors affecting VWF
survival in the blood stream, including the ABO determinants,'!
VWEF clearance rates observed in subtype Vicenza VWD’ and
the VWF functional activity observed in Type 2B VWD.'?
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However, the description of a subject’s behavior by simple
semimechanistic models does not cover the large variety of
VWD types and the very high intersubject variability observed
during the hemostatic laboratory experimentation.9’11’12 More
importantly, these semimechanistic models do not allow for the
description of the real complex physiological patterns involved
on VWF multimer time distribution. Although some prelimi-
nary modeling efforts have been carried out for understanding
the complex interplay of VWF synthesis, clearance, and prote-
olysis,13 the proposed models are still based on semimechanis-
tic assumptions, and their performance on prediction strongly
relies on the values of the parameters used for describing the
initial multimer size distribution. Thus, despite the fact that a
quantitative representation of VWF distribution in the blood is
required for describing the large variety and forms of the dis-
ease encountered in the clinical practice, a reliable mechanistic
model for VWD is still missing.

In this article, two new physiologically-based PK models
for the description of VWD are presented, allowing for a
detailed and quantitative description of the metabolic path-
ways involved in the disease characterization. The availabil-
ity of clinical data from PK experiments related to single
subjects affected by VWD permits the model identification
and the detection of the key physiological responses related
to specific variants of the disease, elucidating some complex
metabolic mechanisms involved in VWF survival and distri-
bution in the blood stream.

Diagnosis of VWD

VWD diagnosis is the result of a complex procedure
where the crucial role of the clinician is to analyze the his-
tory of a subject (signs and symptoms of the disease) as well
as the amount of quantitative data provided by clinical tests.
The usual procedure for VWD diagnosis is illustrated in Fig-
ure 2. A laboratory analysis starts after the initial evaluation
of a subject, focusing on personal episodes of excessive

Physical evaluation
in the presence of
bleeding history

Positive Negative No further
evaluation
Y
Initial
hemostasis
tests
Positive for Referral to
VWF abnormalities? other
evaluations

Initial VWD _ ;Aactl.:ar::;s
——_ tests

1 or more tests
abnormal?

Referral to
other
evaluations

Figure 2. Standard procedure for VWD diagnosis®.
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Table 1. Available Data from Clinical Tests

Pool of Subjects

Healthy

VWD Type

Measurement Type O Blood Group

Non-O Blood Group

Vicenza 2B

VWEF:Ag/CB
Gel electrophoresis

24 subjects
Average at basal state

Average at basal state

18 subjects 10 subjects 7 subjects

2 subjects -

bleeding throughout the person’s life, and any family history
of bleeding disorders, as well as a general physical examina-
tion. A preliminary hemostasis laboratory evaluation is then
carried out, usually including platelet count, partial thrombo-
plastin time, prothrombin time and, optionally, either fibrino-
gen or a thrombin time evaluation. If the subject’s history
evidences a bleeding disorder or abnormal coagulative activ-
ity, initial VWD assays can be started including (1) the
measurements of the amount of plasma VWF (VWF:Ag); (2)
the function of VWF present (VWF:RCo); (3) FVIIL

VWEF:Ag gives a quantitative measurement of the global
amount of plasma VWF, which is largely independent from
the VWF multimer size. VWF:RCo assay measures the abil-
ity of VWF to interact with normal platelets. Albeit still
largely adopted in the clinical practice, VWF:RCo assay is a
time-consuming and not reproducible test with a strong intra-
laboratory and interlaboratory variability (around 30% or
greater if low VWF values are measured).'* For such rea-
sons, the VWF:RCo has been partially substituted by the
VWF collagen-binding (VWF:CB) assay.'> VWF:CB meas-
ures binding of VWF to Type I and III collagen and is
dependent on VWF multimeric size, with largest multimers
having a greater affinity for the collagen than the smaller
forms. The VWF:RCo to VWF:Ag ratio (or the VWF:CB to
VWEF:Ag ratio) can be useful in the diagnosis of types 2A,
2B, and 2M VWD and help differentiating them from Type
1 VWD.? If the aforementioned initial VWD tests are insuffi-
cient to provide a precise characterization of VWD and are
likely to indicate an impair on coagulative functions,
advanced laboratory tests are required, including the analysis
of multimer distribution, ristocetin-induced platelet aggrega-
tion, the binding of FVIII to VWF (VWE:FVIIIB), or the
execution of even more specific (oriented) studies (DDAVP
test and DNA sequencing). The VWF multimer test is an
advanced test that depicts the variable concentrations of the
different sized VWF multimers by using sodium dodecyl sul-
fate electrophoresis followed by detection of the VWF multi-
mers in the gel. Analysis of gel electrophoresis images offers
an essential information on plasma multimer pattern, under-
lining the relative deficiency of high molecular weight multi-
mers observed in Type 2A and 2B VWD.

Although the combined use of the aforementioned tests is
usually sufficient for a precise identification of VWD types,
the procedure for achieving a correct diagnosis of VWD is
based on a long and very time consuming laboratory activity.
Although initial VWD assays are relatively quick and easy to
carry out thanks to conventional blood tests readily available
in many hospitals, advanced laboratory tests usually require
long recovery times for the subjects (even more than 24 h for
the DDAVP test) and very specialized laboratories, such that
the results of some of these tests may not be available earlier
than 2-3 weeks after blood is drawn. Results from clinical
tests sometimes may be hard to analyze and interpret from a
clinical perspective. Additionally, the presence of false posi-
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tives, often occurring because of the high subject intervariabil-
ity, may severely influence the consistency of diagnosis. For
this reason, the final evaluation of the disease is largely left to
the experience and expertise of the clinician.

A Pharmacokinetic Model of VWD

A reliable PK model of VWD suitable for in silico experi-
mentation should have the following features: (1) it should
represent the real physiological pathways involved in the
time evolution of VWF concentration; (2) its parameters
should be easily identifiable from clinical data; (3) it should
be sufficiently flexible to be tailored to the specificity of the
single subject affected by VWD; (4) it should represent the
multimer distribution in time, in order to facilitate the dis-
ease recognition.

The model building procedure for the development of a
PK model for the description of VWD follows the procedure
described by Galvanin et al.'® First, a preliminary data anal-
ysis is carried out where previous knowledge on the system
and the available data are used to formulate alternative
mechanisms representing reasonable approximations of the
physiological behavior of the subject affected by VWD. Can-
didate models are then formulated, and the available data are
used for a preliminary model discrimination using statistical
indexes to assess model adequacy.17 In this study, the com-
mercial software gPROMS'® is used in each step of the iden-
tification procedure.

Preliminary data analysis

Details on the full set of available data are given in Table
1. Clinical data of VWF antigen (VWF:Ag) and collagen
binding (VWF:CB) measurements following the subcutane-
ous administration of DDAVP vasopressin (at a dose of 0.3
pg/kg of body weight) were available for distinct pools of
subjects of variable age and body weight including healthy
subjects (O and non-O blood group) and subjects affected by
VWD (2B and Vicenza). VWF:Ag and VWF:CB measure-
ments were taken during daily tests at fixed times (0, 15, 30,
60, 120, 180, 240, 360, 480, and 1440 min) with a standard
deviation on the readings of ¢”¢ = ¢“® =2 U/dL.

Data from multimeric analysis were available for several
subjects affected by the Vicenza type VWD in the form of
autoradiographies of VWF multimer pattern obtained from
electrophoresis by low resolution agarose gel (1.2%). An
example of autoradiography is given in Figure 3a for a sub-
ject affected by VWD type Vicenza. Gel electrophoresis is a
semiquantitative analysis, and the multimer measurements
(collected following the standard protocol at time 0, 30, 60,
120, 180, 240, and 480 min) were obtained by analyzing the
optical density (Figure 3b) related to each multimer pattern
through image analysis.19 The average multimer distribution
at the basal state (i.e., at the subject’s conditions immedi-
ately before DDAVP administration) was available for
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(a) Autoradiography of VWF multimer pattern for a subject affected by VWD type Vicenza; (b) Optical density profiles related to
UL, high (H), and low(L) molecular weight multimers obtained from image analysis. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

healthy subjects and provides a baseline for the evaluation of
UL, high (H), and low (L) molecular weight multimers in
each sample (see Formulation of candidate models section
for further details). Measurements are expressed in terms of
mﬁfs)s fractions and are available with a standard deviation of
o =0.1.

Typical average data in terms of VWF:Ag and VWF:CB
measurements are illustrated in Figure 4 for healthy (O/non-
O) subjects and subjects affected by VWD (Vicenza and 2B
types). VWF:Ag measurements (Figure 4a) are related to the
global amount of multimers released in plasma, whereas
VWF:CB measurements (Figure 4b) quantify the amount of
high molecular weight multimers. Healthy subjects exhibit a
quantitative similar behavior in terms of VWF:Ag and
VWEF:CB, characterized by an initial peak (at ~2 h) and a
slow VWF concentration decrease until the end of the test.
Type 2B subjects show a low amount of high molecular
weight multimers (low VWF:CB levels) because of the
increased affinity of these multimers for platelet GPIb. Type
Vicenza patients are characterized by high clearance rates

300 T T 1 A T T =% T : R T T T L
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— ® Healthy (non-0)
) 250';§§+ . A Type2B 1
3 1 I + :
= ¥ Vicenza
S 200fe 1
Lo -
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2 W i
L 50 Tf Yi i
SRR X
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(a)

and low VWF levels without apparent anomalies on multi-
mer size distribution.

Formulation of candidate models

After DDAVP administration, a three-step mechanism is
believed to occur’:

1. Release of super UL (SUL) multimers; the release rate

and amount are subject-dependent;

2. Proteolysis of SUL to smaller species by means of
ADAMTS13: SUL multimers are cleaved to UL, high
(H), and low (L) molecular weight multimers;

3. Clearance (i.e., multimer elimination from plasma), tak-
ing place at the liver level and largely independent of
the multimer size.

A preliminary discrimination between rival model struc-
tures was carried out using average population data.'® Even-
tually, two candidate models were retained: Model 1 and
Model 2. Model 1 (Figure 5a) is a compartmental model
developed under the following physiological assumptions:

a. At the basal state, only H and L multimers are present;

300 T T T T T T T T T T
% + % + m Healthy (O)
= 250} + ® Healthy (non-0) |
= + A Type 2B
=) +§ * v \Vicenza
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Figure 4. VWF:Ag (a) and VWF:CB (b) average data for normal O subjects (squares), non-O subjects (circles), sub-
jects affected by VWD type 2B (triangles) and Vicenza (reverse triangles).

The error bars represent the variability within the pool in terms of standard deviation.
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Figure 5. PK model structures considered in this study.

%5\ k1

(b)

(a) Model 1; (b) Model 2. The location of VWF:Ag and VWF:CB measurements with respect to the compartmental model is indi-

cated by dashed boxes.

b. SUL multimers cannot be measured directly from VWF
measurements, and their release (D) is a consequence
of DDAVP administration;

¢. UL can generate both H and L multimers.

Furthermore, it is assumed that VWF:Ag measurements
(yAG) are related to the sum UL+H+L, whereas VWF:CB
measurements (yCB) are related to UL+H amount. Data
from multimer analysis allow characterizing the amount of
UL, H, and L during the clinical trial. A sensitivity-based
identifiability analysis showed that Model 1 is characterized
by a structural complexity that, because of the poor observ-
ability of the UL, H, and L compartments, may lead to iden-
tifiability issues if no data from multimeric analysis are
available. However, multimeric analysis is time demanding
and can be carried out only in properly equipped laborato-
ries. For these reasons, a structurally simplified model
(Model 2, Figure 5b) was also developed in order to ensure
parameter identifiability when VWF:Ag and VWF:CB data
only are available.

Model 1 is described by the following set of differential
and algebraic equations

xSVt —ko (1= tmax ) SUL ___SUL
7 =koDexp o) — ey (U =) n
_kZ (XSUL _XSUL ) _k3 (XSUL _ngL ) :FO_Fl _F2_F3
dx™ SUL _ _SUL UL _ UL UL _ UL
dt :kl (X b )_k4 (X b ) _ke (X b ) (2)
—ke (x"" —xy" ) =F—F4—F7—Fs
dx! SUL ___SUL UL _ UL H_ _H
ar =k, (x —Xp )+k4 (x —Xp )—k5 (x —xb) 3)
_ke (XH—XE) :F2+F4_F5 _Fg
diL =k (xSUL — UL ) +k (xH —xH) —k (xL —xL)
a b > b/ Te o) (@)

+k6 (XL_XIE) :F3 +F5+F6_F9
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where xSUL, xUL, xH, and x" are the number of SUL, UL, H,
and L multimer units, respectively, present in the plasma,
and subscript “b” is used to define the variables at the basal
state.

The F; terms identify the fluxes between distinct compart-
ments; F represents the release of SUL multimers, which is
characterized by ky and the release constants D and f.x
(here kept fixed to D=100 U and t,.x =30 min,
respectively).

In Model 2 (Figure 5b) the sum of UL and H multimer
units is modeled by a single compartment described by the
following differential equation

deL +H
— SUL __ SUL
dt _kl (x Xp )

_k3 (XUL +H _XEL +H) _ke (.XUL +H _XEL +H)

(6))

with a significant reduction of the overall number of model
parameters to be estimated.

The measured responses are yAG (antigen concentration
[U/dL]) and yCB (collagen binding concentration [U/dL])

yAG _ (XUL . +XL)/Vd 6)
yCB _ (xUL +XH) IV )

while multimer measurements allow for the evaluation of the
multimer mass fractions in plasma. For each sample (i.e.,
each dark lane in the autoradiography), the ith multimer
mass fraction z; can be obtained from

=¥ /x"=I'/I"=I'/>"I' i=UL, H, L (8)

where I' is the optical density of the ith species, I" is the
total optical density, and x" is the total number of multi-
mer units (see Appendix for further details on image anal-
ysis). UL-H and H-L limits between multimer species are
evaluated from healthy (O) multimer distribution at basal
state.
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The initial conditions for the integration of the differential

system (1-4) are defined by x'= x(0) =
L™ gt ! 1 =10 0 yPVe V-Vl

V,=40 mL/kg body weight is the approximated distribution
volume following Ref. 20. A correction is introduced in the
definition of the collagen binding measurements in order to
account for the different affinity of multimers to collagen
observed for distinct VWD types

, AG
yCB :kyCB ybﬁ :kyCB <1 + iﬁ) (9)
Yo b

After a reparameterization in order to guarantee the struc-
tural identifiability of the model,'® the set of parameters to
be estimated is 0M' = ; koD/ke ki ky ky ks ks ke k]
for Model 1, and =[koD/ke ki ko k3 k] for Model

2, with the additional correction parameters k& and ygB of (7).

Model-Based Diagnosis of VWD

The model allows for a quantitative description of the
VWEF levels, and can be used as a support tool for VWD
diagnosis. A model-based procedure for the automatic diag-
nosis of VWD is illustrated in Figure 6. The pathophysiolog-
ical condition of a subject (healthy O/non-O blood group,
Type 2B, and type Vicenza VWD) can be determined by
exploiting: (1) the individual measurements including
VWF:Ag/VWF:CB data or (possibly) data from multimeric
analysis; (2) the VWF:Ag/VWEF:CB historical data related to
each pool of subjects. For each measured response y, the
variability within each available pool of subjects must be
characterized in statistical terms by adopting a heteroscedas-
tic variance model in the form

o=’ (y)’ (10)
where o and 7y are parameters estimated by regression from
average data allowing one to build a time-dependent uncer-
tainty region for the model response. Results are given in
Table 2.
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Given average VWF:Ag/VWF:CB data and the variance
model (10), two strategies are possible for the automatic diag-
nosis of VWD depending on the measurements availability:

1. Strategy S1: diagnosis with Model 1 based on mass

fraction measurements from multimeric analysis;

2. Strategy S2: diagnosis with Model 2 from VWF:Ag/CB

data.

Under these conditions, both Model 1 and Model 2 are
identifiable and the model-based VWD classification is real-
ized by comparing the relative statistics obtained after
parameter estimation in terms of sum of squared weighted
residuals (SSWR)

=

sp

N M
SSWR=>_> > rii/a

i=1 j=1 k=1

an

=
Il

where r;j is the residual related to the kth sampling point of
the jth measured response in the jth experiment with a stand-
ard deviation o, N is the total number of experiments, M is
the number of measured responses, and N, is the number of
sampling points per experiment. Average VWF:Ag/CB levels
evaluated from the available set of measurements (Table 2)
were used to achieve a preliminary estimation of the model
parameters for each single class of subjects. These estimates
were then used as a starting guess for the identification of
the model parameters for single subjects.

Strategy S1: Diagnosis from multimeric analysis

Results in terms of estimated profiles for a subject affected
by VWD type Vicenza (Subject A) are given in Figure 7,

Table 2. Parameter Estimation Results for the Variance

Model (10)
Response Param. (0] Non-O Vicenza 2B
VWE:Ag w 0.63 5.51 0.59 0.48
y 0.50 0.18 0.66 0.67
VWEFE:CB Q 0.28 2.55 0.24 0.20
Y 0.69 0.34 0.89 1.08
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Figure 7. Strategy S1: Subject A. VWF:Ag and VWF:CB profiles and multimer fractions obtained after parameter
estimation from multimer measurements associated with the Vicenza (left column) and the 2B (right col-

umn) pool of subjects.

The variability within the pool of subjects is indicated by the gray area in terms of standard error.

where the uncertainty of VWF:Ag and VWF:CB measure-
ments associated with the Vicenza and the 2B pool of sub-
jects is indicated by the gray area in terms of standard error.
It appears that the association with the 2B pool causes the
VWF profiles (right column) to move slightly outside the
uncertainty region of the pool. In addition to that, the H and
L multimer fractions are evaluated in a less precise way.
Even if not shown for the sake of conciseness, a similar
behavior is obtained also for subject B. Table 3 confirms
that the lowest value of SSWR is achieved when the individ-
ual multimer measurements are coupled with the data from
the Vicenza pool of subjects. The diagnosis for subject A is,
therefore, unambiguous and a good representation of the
multimer distribution can also be realized.

The estimated values of Model 1 parameters for subjects
A and B affected by VWD type Vicenza are reported in
Table 4. The information obtained from the available meas-
urements is sufficient to estimate the full set of parameters
in a statistically precise way except k4 for subject B (for this
specific subject, parameter estimation moves the parameter
to the assigned lower bound, leading to the elimination of
the UL-to-H pathway). Interestingly, some physiological
aspects can be remarked. First of all, for both subjects the
UL-to-L pathway (parameter k) seems to be preferred to
cleave UL species to smaller ones. H species are in fact
mainly formed by a direct SUL cleavage (k) without being
cleaved to L (ks) and eventually eliminated. Second, subject
B shows a deficiency on VWF release and a minor reduction

Table 3. Results from Model-Based Diagnosis in Terms of Sum of Squared Weighted Residuals (the Lowest Value is Indicated
in Boldface); the VWD Subtype from Medical Evaluation is Indicated for Each Subject Between Parenthesis.

Strategy Subject (6] Non-O 2B Vicenza Model-Based Diagnosis
S1 A (Vicenza) 101 98 23 9 Vicenza
B (Vicenza) 267 251 150 98 Vicenza
S2 C (Vicenza) 107 102 133 35 Vicenza
D (Non-O) 1236 1229 1958 5083 Non-O
E (Non-O) 5350 3409 7268 9148 Non-O
F (2B) 92 87 20 177 2B
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Table 4. Parameter Estimation Results After Model-Based Diagnosis (the Numbers in Boldface Refer to Parameters Failing
the 95% t-Test)

Subject

Model 0 A B C D E F
Model 1 K° 0.059 0.024 - - - -

k' 0.050 0.036 - - - -

K 0.198 0.046 - - - -

IS 0.190 0.001 - - - -

K 0.002 0.000 - - - -

© 0.001 0.001 - - - -

k8 0.038 0.443 - - - -

ke 0.010 0.007 - - - -
Model 2 K° - - 0.051 0.068 0.064 0.055

k' - - 0.021 0.006 0.006 0.029

K - - 0.003 0.001 0.001 0.028

IS - - 0.001 0.000 0.000 0.003

K - - 0.007 0.002 0.001 0.003
Correct. param. k 0.640 0.580 0.401 1.01 1.13 0.13

yCB 1.87 2.56 2.67 61.99 64.2 5.6

of SUL to L (k3) if compared to subject A. This highlights
the strong intersubject variability that may be encountered
even within the same pool of subjects.

Strategy S2: Diagnosis from VWF:Ag and VWF:CB
data

Data from multimeric analysis are usually difficult and
expensive to obtain, as they require a specific knowledge on
the electrophoresis techniques and a significant effort in
terms of analytical resources. However, the use of the sim-
plified model (Model 2) allows for a model-based diagnosis
simply using individual VWF levels. As shown in Table 3,
the use of Model 2 (which uses only VWF:Ag and VWF:CB
measurements) provides for an exact diagnosis and generally
allows for a clear distinction between the different patho-
physiological conditions, except in one case (non-O subject
D), where the difference between a O and non-O diagnosis
is hardly noticeable, due to the significant intersubject vari-
ability in the measurements of VWF levels. Parameter esti-
mation results (Table 4) show that the model parameters are
estimated in a statistically sound way for each individual
subject. Some physiological aspects can be observed for the
different VWD types: (1) the order of magnitude of release
parameter ko is nearly the same for all the investigated sub-
jects; (2) Vicenza subject C shows an higher elimination rate
(k.) and increased proteolytic activity if compared to healthy
non-O subjects (mainly related to SUL decomposition to
high molecular weight multimers; k); (3) non-O subjects (D
and E) show a reduction of proteolysis in the SUL-to-L
channel (k;), and the total absence of the (UL+H)-to-L path-
way (k3); (4) 2B subject F shows an increased proteolytic
activity for both SUL-to-L and SUL-to-(UL+H) channels
(parameters k; and k,, respectively), and a slight increase on
clearance rate if compared to healthy subjects.

Discussion of results

The availability of a physiological model for the descrip-
tion of VWF levels allows for a clear discrimination among
subjects and, consequently, can represent a valuable tool for
a precise diagnosis of the disease. The proposed models
allow for a precise and quantitative description of VWF lev-
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els including the characterization of release, proteolysis, and
clearance pathways. If advanced laboratory tests, including
multimeric analysis data, are available, Model 1 offers a bet-
ter understanding and a more precise characterization of the
proteolysis pathways, describing the multimeric patterns in a
more detailed way. A simplified model (Model 2) can be
conveniently used if a diagnosis must be carried only simply
from VWF levels. In fact, Model 2 may provide a valuable
tool for a quick diagnosis from a single set of VWF:Ag and
VWEF:CB data coming from VWD assays from an individual
subject. Additionally, Model 2 gives the potential advantage
of making it possible to identify the model parameters if
insufficient clinical data are available or if data are affected
by large measurements noise.

Final Remarks

Two mechanistic models for the description of VWD have
been presented in this article allowing for a physiological
interpretation and the quantitative assessment of the bio-
chemical pathways involved in different types of VWD.
Models, identified from clinical data, can be used to describe
the mechanism of release, distribution, and elimination of
VWD from the blood stream for distinct pools of subjects,
thanks to the evaluation of the model parameters. The mod-
els can be tailored to the specificity of the single subject
affected by VWD and allow for a quantitative description of
the VWF multimer distribution in time for a faster and more
effective diagnosis from clinical data. Additionally, they
may represent the basis for a procedure of model-based diag-
nosis, where data are used to define the unknown pathophys-
iological condition of a subject. If properly tuned-up and
adapted to the specific response of individual subjects, the
models can be effectively used to perform in silico experi-
ments, suggesting which mechanisms should be investigated
for the development of customized therapeutic procedures.
Furthermore, the models can be used to design tests which
are shorter and easier to implement in the clinical practice,
with great benefit in terms of comfort and safety for the sub-
ject. Future work will be required to extend the model
applicability to other VWD types and to apply the model-
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based diagnosis procedure in order to discriminate among
possible VWD subtypes.
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Appendix: Analysis of Gel Electrophoresis Images

The available images from gel electrophoresis show the pattern
of multimeric units at fixed times after DDAVP administration.
Images (see Figure 3a in the main text) are constituted by:
1. A reference lane, showing the normal distribution of
multimers at the basal state for healthy (O) subjects;
2. Seven distinct lanes describing the multimeric pattern
for a subjects affected by VWD at 0, 30, 60, 120, 180,
240, 480 min after DDAVP administration.
Each image is analyzed after a pretreatment involving grayscale
conversion and background removal, following the procedure
described by Ye and coworkers.'” The size of each single lane
is 400 X 1800 pixels (width (W) X height (H)) and the pixel
intensity values are stored in a (W X H) matrix i of pixel inten-
sity. The grayscale intensity is stored as an 8-bit integer giving
256 possible levels of gray from black to white. An example of
image analysis for a single lane is given in Figure Al. A one-
dimensional profile of optical density (Figure Alb) can be
defined by evaluating the optical density along the H-direction

255
W

D i
k=1

where i is the jkth element of i. According to (Al) the optical
density profile is obtained by considering an average value for
pixel intensity along the W-direction. The evaluation of UL-H
and H-L thresholds (/; and /) are defined from the reference
lane (Figure Ala). In particular, /; represents the first pixel posi-
tion along the H-direction such that I;>¢, where ¢ is a small
nonzero number related to the noise level of the image (here
fixed to 0.05). As at the beginning of the test only H and L are
present, /, is defined as the pixel position where optical density
starts to increase as an effect of the presence of high molecular
weight (H) multimers.

The H-L threshold is evaluated from the following expression

L=log, | W j=1...H (A1)

R
L=hL+—/H—I A2
2=l g 1] (A2)
where R represents the VWF:CB/VWF:Ag ratio (according to
Gallinaro et al."' R =1.01 as evaluated from average data avail-
able for healthy O subjects). The evaluation of the area under
the curve of the optical density profile for a single sample
allows for the definition of the optical densities of the multi-
meric species
Iy
" =Jldl (A3)
0
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Figure A1. Example of image analysis for a single sample.
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(a) Reference lane for a healthy (O) subject and sample for a subject affected by VWD: definition of the UL-H and H-L thresh-
olds; (b) Optical density profile related to the sample as obtained from image analysis.
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M= J Idl (Ad)
I
H

= J Idl (A5)
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Relations (A4—A6) allow for a semiquantitative definition of the
amount of UL, high, and low molecular weight multimers in the
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sample once the sample mass is known. If the definition of sam-
ple weight is not possible or, as it is the case in the present
study, it is affected by large uncertainty, the mass fraction z; of
the ith species (UL, H, L) can be calculated from the ratio

z,-=1"/1T=1l'/Zi1f i=UL, H, L (A6)

where /" is the total area under the curve. The precision on the
calculation of the mass fraction is only related to /;, which is
generally less affected to uncertainty than the sample mass.
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