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Abstract

Objective: To compare foam bubble size and bubble size distribution, stability, and degradation rate of commercially
available polidocanol endovenous microfoam (Varithena®) and physician-compounded foams using a number of labora-
tory tests.

Methods: Foam properties of polidocanol endovenous microfoam and physician-compounded foams were measured
and compared using a glass-plate method and a Sympatec QICPIC image analysis method to measure bubble size and
bubble size distribution, Turbiscan'"' LAB for foam half time and drainage and a novel biomimetic vein model to measure
foam stability. Physician-compounded foams composed of polidocanol and room air, CO,, or mixtures of oxygen and
carbon dioxide (O,:CO,) were generated by different methods.

Results: Polidocanol endovenous microfoam was found to have a narrow bubble size distribution with no large
(>500 um) bubbles. Physician-compounded foams made with the Tessari method had broader bubble size distribution
and large bubbles, which have an impact on foam stability. Polidocanol endovenous microfoam had a lower degradation
rate than any physician-compounded foams, including foams made using room air (p < 0.035). The same result was
obtained at different liquid to gas ratios (1:4 and 1:7) for physician-compounded foams. In all tests performed, CO, foams
were the least stable and different O,:CO, mixtures had intermediate performance. In the biomimetic vein model,
polidocanol endovenous microfoam had the slowest degradation rate and longest calculated dwell time, which repre-
sents the length of time the foam is in contact with the vein, almost twice that of physician-compounded foams using
room air and eight times better than physician-compounded foams prepared using equivalent gas mixes.

Conclusion: Bubble size, bubble size distribution and stability of various sclerosing foam formulations show that
polidocanol endovenous microfoam results in better overall performance compared with physician-compounded
foams. Polidocanol endovenous microfoam offers better stability and cohesive properties in a biomimetic vein model
compared to physician-compounded foams. Polidocanol endovenous microfoam, which is indicated in the United States
for treatment of great saphenous vein system incompetence, provides clinicians with a consistent product with enhanced
handling properties.
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Introduction

Physician-compounded foams (PCFs) have been intro-
duced in vein treatment with the aim of increasing effi-
cacy and treating larger varicose veins relative to liquid
sclerosants.> However, foams are not all the same and,
in fact, they can be dramatically different from each
other. The performance of foams is highly dependent
on their physical characteristics such as gas compos-
ition, the different absorption rates of nitrogen and
carbon dioxide in the bloodstream, and bubble size.>™

PCFs offer several advantages over traditional liquid
sclerosants. When injected into a vein, a cohesive foam
displaces the blood (rather than mixing with it), creat-
ing better contact with the vein wall. Foam treatment
offers the possibility of using lower sclerosant concen-
trations.® This, in turn, increases the safety of foam
treatment as shown in clinical trials.”® Furthermore,
foam is echogenic, which improves visibility and treat-
ment a(:curacy.10 Also, foam treatment can be per-
formed in an outpatient setting without need for
sedation or tumescent anesthesia.'

Foam treatment also presents challenges. Room air
(RA) forms stable foam, but because the nitrogen it con-
tains does not dissolve efficiently in blood, nitrogen bub-
bles may persist and can cause adverse effects.'>!3
Carbon dioxide (CO,) foams can be made, but the
increased solubility results in foams that coarsen rapidly,
leading to drastically reduced stability. PCF methods
may generate large gas bubbles that may be potentially
problematic in the circulation. Strategies such as
using CO, rather than RA and limiting the injected
volume of PCF to less than 10 mL have been proposed
to reduce the incidence of serious complications, since
significant neurological events have occurred after injec-
tions of as little as 4mL of PCF. These neurological
events have been attributed to nitrogen/air.'* '
In fact, two reports have documented that all patients
injected with PCF for the treatment of venous varicos-
ities have gas bubbles visible in the right heart chambers,
and some patients, such as those with patent foramen
ovale (PFO) or other right-to-left shunts, have gas
bubbles in the left heart chambers.!”-'®

The two most popular techniques that clinicians use
to generate PCFs are the double syringe system (DSS)
and the Tessari method.'*?° DSS involves passing the
sclerosant liquid and gas between two syringes joined by
a simple straight connector (Figure 1(a)). The Tessari
method is similar, but the straight connector is replaced
with a three-way valve (Figure 1(b)). Although these two
methods are very similar, the DSS method is felt to pro-
duce slightly better foam.?! Polidocanol endovenous
microfoam (PEM) (Varithena® (polidocanol injectable
foam 1%), Provensis Ltd., a BTG International group
company) is a new product designed to overcome the
challenges associated with PCFs. PEM is generated by

a proprictary device that produces consistent, pharma-
ceutical-grade low-nitrogen (<0.8%), O,:CO, (65:35)
foam (Figure 1(c)). In a recent case series of 60 patients
with middle cerebral artery bubble emboli during or
after treatment with PEM, no evidence of subclinical
cerebral injury was found on MRI.** In addition, in
two pivotal phase 3 clinical trials using PEM, there
were no clinically meaningful neurologic adverse
events observed.?

Methods for measuring bubble size and size distri-
bution include the Sympatec image analysis sensor
QICPIC (Sympatec Ltd., Bury, Lancashire, UK) and
Turbiscan™ LAB apparatus (Formulaction SAS,
L’Union, France) (Figure 2). Sympatec provides a
bubble size distribution for microbubbles flowing in
deionized water, whereas Turbiscan™ provides
dynamic information on foam. The speed at which
liquid separates from the body of foam has been used
as a measure of foam stability.”* Foam drainage time
(FDT) and rate are good measures of foam stability.>!
Methods for measuring foam stability and cohesiveness
include the Turbiscan'™ LAB operated in the scanning
detector mode for foam drainage kinetics and foam half
time (FHT), and operated in the fixed detector mode
for FDT determination. The novel biomimetic analysis
system was developed for the quantification of foam
properties under clinically relevant conditions to estab-
lish a robust method for comparative characterisation
of PEM and PCFs. The high-resolution computational
video analysis system allows accurate quantification of
foam dynamic behaviour, including foam plug expan-
sion rate, degradation rate (DR) and dwell time (DT)
(Figure 3).%

This paper reports the results of a number
of tests performed to compare foam bubble size and
bubble distribution, stability, and DR of PEM and
PCFs. These foams were also investigated in the bio-
mimetic vein model to relate stability to clinical
function.

Materials and methods
Foam production and characterisation

Full details about foam production and characterisa-
tion methods are provided in the Supplementary infor-
mation sections S1 and S2, respectively.

For preparation of PCFs, 1% aqueous buffered poli-
docanol solution was used throughout these studies.
Foam densities were at a liquid to gas ratio of 1:7 for
direct comparison with PEM or at 1:4 to represent
commonly used formulations. DSS and Tessari meth-
ods were used to create PCFs.

PEM consists of a proprietary O,:CO, (65:35) gas
mixture with ultra-low nitrogen content (<0.8%) and
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Figure |. Methods for producing PCFs and PEM. In the DSS method, syringes are connected by a Combidyn® adapter (a), while in
the Tessari method, they are connected by a three-way valve (b). In both techniques, the foam was produced by passing the
polidocanol solution (liquid phase) from one syringe, 10 times into and out of the other syringe initially containing the gas or gas
mixture (gaseous phase). Foam was produced at room temperature (20°C—-22°C). The proprietary canister system for generating PEM

(Varithena®) is shown in (c).

1% polidocanol solution contained within a pressurized
canister and combined on discharge as uniform micro-
foam. Sterile canisters of the product were used to gen-
erate SmL of microfoam for experimentation.

Foam properties of PEM and PCFs were measured
and compared using the glass-plate method and
Sympatec QICPIC image analysis to measure bubble
size and bubble size distribution. The Turbiscan™

LAB apparatus for FHT and FDT, and the biomimetic
vein model to measure foam stability. These are sum-
marised in Table 1, and methodological details are
reported in the Supplementary information section S2.

Statistical analysis

One-way analysis of variance (ANOVA) was per-
formed to analyse the differences between group



286 Phlebology 31(4)
(a) Cuvette
A Bubble
Flow image
I:I ‘:I Adaptable beam/\ objectives
— QICcPIC expansion unit |og ' :
Dynamic ! i o g '
Sum Image Capture i F ¢ = " T
Filter| System e ! o ' \ ;
— % 1] : E O E /N :
Puised | UG | T Camera
‘ light source------= — ! E
becccaas
@ ) | Dispersing
] unit
Deionised water Peristaltic pump Foam Waste
v 5 collection
in syringe

NIR light source in
fixed position
(25mm)

Data collected in
backscatter mode.

Figure 2. Methods for measuring bubble size distribution. Sympatec QICPIC image analysis sensor (a) and Turbiscan™"" LAB

apparatus (b).

means using OriginPro (Origin Lab  Corp.,
Northampton, MA) software package. Pairwise com-
parison tests were performed using the Bonferroni
method. The significance level was set to 0.05 (i.e. dif-
ferences were considered to be statistically significant
for p-value <0.05). The number of experimental
repeats for each test is reported in Table 2. Selected
relevant p-values for comparison between PEM and
PCFs using the different methods are shown in Table 3.

Results

Comparison of methods used to measure bubble size
distribution

Figure 4 provides a visual comparison of the bubble
images captured using the glass plate and the
Sympatec methods and the frequency of bubble size
measured by these two methods for PEM. The glass-
plate method shows a closely packed foam (Figure 4(a))

and a relatively tightly distributed bubble size distribu-
tion with no bubbles >~300um in diameter (Figure
4(b)). The image captured from the Sympatec shows
the bubbles are no longer in close contact with one
another at the point of measurement, having been sepa-
rated in the flowing carrier liquid (Figure 4(c)). This
method over-reports the true bubble size with bubbles
up to ~600 um, and bubbles smaller than 15um in
diameter are not detectable because of foam coarsening
during the time taken to administer the foam into the
instrument, and the subsequent loss of smaller bubbles
before they reach the detector in the instrument (Figure

4(d)).

Bubble size distributions of various foam
formulations
Figure 5 shows the distribution of bubble sizes (in terms

of volume fraction) generated using the Sympatec
method for PCFs (liquid:gas ratio of 1:7) produced
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Figure 3. Schematic of the biomimetic vein model set-up (a). Foam is injected into the tube over time t; to form a column of length
x (mm) (b). On completion of the injection at x =L, the foam degrades over time t;, to a length of x =L,, whereby the DR and DT may

Table I. Summary of the methods of foam characterisation employed in the present study.
Equipment Analysis Supplier
Glass-plate method Bubble size and bubble size distribution In-house method developed at BTG
Sympatec QICPIC Bubble size and bubble size distribution Sympatec Ltd., Bury, Lancashire, UK
Turbiscan™ LAB FHT and FDT (foam stability) Formulaction SAS, L'Union, France
Biomimetic vein model Foam dwell time/degradation rate In-house method developed at University
(foam stability) of Southampton

Table 2. Number of experimental repeats for each foam

characterisation experiment performed.

Experiment

Number of repeats (N)

Foam bubble sizing
Foam half time
Foam drainage time
Foam dwell time

A A 0G0

using RA, 0,:CO, (35:65) and CO», and the DSS and

Tessari foam preparation methods. Initial bubble size

distribution for prepared foams is narrowest for
RA <0,:CO, <CO, for PCFs produced by either
preparation method. The Tessari method clearly gener-
ates more large bubbles compared to the DSS method
regardless of the gas mixture used.

When PEM bubble size distribution is compared to a
PCF made with the same gas mixture (0,:CO, (65:35))
and liquid:gas ratio (1:7) using either the DSS or Tessari
methods, there is clearly a narrower bubble size distri-
bution for PEM when measured using the Sympatec
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Table 3. Selected p-values obtained from pairwise statistical
comparisons between PEM and PCF foams (p <« 0.01 indicates
values lower than 0.001).

Foam formulations p-value
Foam drainage time (FDT, Figure 7)
PEM vs. DSS (1:7) 0.0l <p<0.05
(=0.033)
PEM vs. Tessari (1:7) p<« 0.0l
PEM vs. DSS (1:4) 0.0l <p<0.05
(=0.012)
PEM vs. Tessari (1:4) p<« 0.0l
Foam half time (FHT, Figure 8)
DSS (combined) vs Tessari (combined) 0.0l <p<0.05
(=0.045)
PEM vs DSS RA (1:7) p 0.0l
PEM vs. DSS 65:35 O,:CO, (1:7) p>0.05
PEM vs. DSS 35:65 O,:CO, (1:7) p 0.0l
PEM vs. DSS 30:70 O,:CO, (1:7) p<0.0lI
PEM vs. DSS 23:77 O:CO; (1:7) p 0.0l
PEM vs. DSS 100 CO, (1:7) p<0.0lI
Dwell time (DT, Figure 9)
PEM vs. DSS RA (1:7) 0.0l <p<0.05
(=0.018)
PEM vs. DSS 65:35 0,:CO, (1:7) p 0.0l
PEM vs. DSS 35:65 O,:CO, (1:7) p 0.0l
PEM vs. DSS 30:70 O,:CO, (1:7) p 0.0l
PEM vs. DSS 23:77 O,:CO, (1:7) p 0.0l
PEM vs. DSS 100 CO, (1:7) p 0.0l
PEM vs. Tessari RA (1:7) p<k0.0l
PEM vs. Tessari O,:CO, (1:7) p<« 0.0l
PEM vs. Tessari 35:65 O,:CO, (1:7) p« 0.0l
PEM vs. Tessari 30:70 O,:CO, (1:7) p<«0.01
PEM vs. Tessari 23:77 O,:CO, (1:7) p<«0.0l
PEM vs. Tessari 100 CO, (1:7) p<« 0.0l
PEM vs. DSS RA (1:4) p<0.0l
(=0.0054)
PEM vs. DSS 65:35 O,:CO, (1:4) p 0.0l
PEM vs. DSS 35:65 O,:CO; (1:4) p<0.0l
PEM vs. DSS 100 CO, (1:4) p 0.0l

method 40 and 1155 after foam preparation (Figure 6).
Generally, the contrast is more pronounced when PEM
is compared with the other O,:CO, PCFs made with
higher CO, content (Figures 6(a) vs. 5(b) to (f)). A
greater number of larger bubbles were present for
PCFs, particularly using the Tessari method. At 40s,
PEM bubble size distribution is similar to that of RA
foam (maximum bubble size <500 um by this method)
and at 115s only slightly broader than that of RO foams
produced using the DSS method (Figures 6(a) vs. 5(a))
and without the large bubbles present for RA foam
made by the Tessari method (Figures 6(a) vs. 5(d)).

Foam drainage time (FDT)

FDT is an important indicator of foam stability.'
Essentially, if the foam drains rapidly, it will coarsen
and degrade more quickly; the cohesiveness of the foam
will be of short duration and, thus, there will be less
time for the drug to be in contact with the vessel wall
because the degrading foam will not be able to properly
displace the blood in the vessel lumen. In this test
method, the FDT is the time at which light transmis-
sion is detected at the bottom of the foam column.
Figure 7(a) shows the percent transmission of light
through the foam over a period of time. For 100%
CO,, the foam drains very quickly and so light passes
through the liquid layer almost immediately as indi-
cated by the blue curve in the image. At a 30:70
0,:CO, composition (red curve), the resulting foam
also drains very quickly, but the curve does not inflect
upward until the 45s mark, as the foam is more stable
and, therefore, drains more slowly than foam made
with 100% CO,. RA foam (black curve) is most
stable and takes approximately 165 s before light
begins to transmit through the draining liquid. FDT
is shown for PEM compared with the DSS vs. Tessari
foams produced with different gas compositions and
1:7 liquid:gas ratio (Figure 7(b)). In general, FDT is
longer for DSS-prepared PCFs when compared against
the Tessari, with the difference becoming greater as the
CO, levels in the foams decrease and the foams become
more stable. The FDT of PEM is greater than any
combination of gas mixture and method of prepar-
ation, with the exception of RA using the DSS
method. Figure 7(c) shows the FDT for PEM and
PCFs produced using the DSS method with two differ-
ent liquid-to-gas ratios (1:7 and 1:4). The FDT
increases in the order RA >PEM > O0,:CO;, > CO»-
only, with foams of a liquid:gas ratio of 1:7 consistently
more stable (longer FDTs) than those prepared with a
1:4 ratio. PEM has a statistically significantly higher
FDT (close to that of RA) when compared to all
CO,-containing PCFs at either liquid:gas ratio, pre-
pared by either the DSS or Tessari method (p < 0.035).

Foam Half Time (FHT)

The comparison of FHT for various PCF formulations
made using the DSS and Tessari methods (1:7 liquid:-
gas ratio) relative to PEM was generated by the
Turbiscan™. PEM displayed longer FHT compared
to all CO,-containing PCFs, indicating that PEM had
greater stability (Figure 8).

Degradation rate/dwell time (DR/DT)

DR was evaluated using a biomimetic vein model to
assess the ability of the foam to displace a blood
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Figure 4. Comparison of glass plate and Sympatec method analyses of polidocanol endovenous microfoam. (a) Image of PEM from
the optical image analysis method and (b) bubble size distribution measured for this foam; compared to (c) a single frame image of the
same sample of PEM captured from the Sympatec dynamic image capture method and (d) the bubble size distribution measured by this

method (over a |5s period, corresponding to 375 image frames).

substitute. DT is a more clinically meaningful expres-
sion of DR as it represents the amount of time that the
foam is in contact with the vein wall and can act on the
endothelium. DT is derived from DR and is calculated
as the inverse of the DR using the following mathem-
atical expression (refer to Figure 3(c))

(tr—11)

DT = ) =i

(1)

The experimental set-up consisted of a segment of
polytetrafluoroethylene (PTFE) tubing (either 4 mm or
10 mm in diameter) (Thermo Scientific Inc., USA) filled
with a blood substitute and fixed to a platform with an
adjustable inclination angle (Figure 3(a)). On initial
foam injection, a foam plug was formed, which dis-
placed the blood substitute as it travelled upwards
along the tubing (plug expansion phase) (Figure 3(b)),
while real-time video images were captured simultan-
eously. Individual foam plugs were transiently stable
and then entered the plug degradation phase, during
which the plug interface receded towards the initial
injection site (Figure 3(c)), ending in complete plug

Note how the Sympatec over-reports the true bubble size.

degradation. Videos obtained from both plug expan-
sion and degradation phases were analysed computa-
tionally (see Supplementary section S2.4).%

PCFs of various gas formulations were prepared by
DSS or Tessari methods and introduced into the bio-
mimetic vein model. The performance of PCFs
(1:7 liquid:gas ratio) was compared with PEM, which
demonstrated that CO,-containing PCFs, prepared
by either method and regardless of gas formulation,
had DRs faster (12.51+4.49 to 25.8143.09 mm/s)
than that of PEM (3.43+£0.29mm/s, p<0.05)
(Figure S3.1a). Foams prepared using RA were also
less cohesive and degraded more rapidly (6.05+1.79
to 11.22+1.72mm/s) than PEM, although for RA
made using DSS, this trend was not statistically signifi-
cant (Figure S3.1a). PEM was also compared with
selected PCF formulations produced using the DSS
method at liquid:gas ratios of 1:4 and 1:7 (Figure
S3.1b). Again, PEM had a statistically lower DR com-
pared with all other CO,-based PCFs regardless of gas
ratio (p < 0.04) and a non-statistical trend for lower DR
than the RA PCFs. In general, in this model, the PCFs
made with 1:4 ratios had a trend to lower DR than the
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PCF (n=5).
RA: room air.

corresponding PCFs made at 1:7 ratios. This is con-
trary to the findings for FDT for the equivalent
PCFs. PEM had the longest DT, almost twice that of
PCFs using RA and approximately eight times better
than PCFs prepared using equivalent gas mixtures
(Figure 9(a) and (b)).

Discussion

For many years, physicians have compounded RA
foams. However, lack of foam homogeneity can affect
the viscosity and stability of these products. Broad
bubble size distributions promote foam coarsening
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and degradation, whilst the lack of solubility of nitro-
gen in the blood results in isolated bubbles persisting in
the circulation. Foams with smaller and more uniform
bubble size possess a lower DR, indicative of a more
cohesive and stable foam that should ensure better con-
tact with the endothelium of the vessel wall when
injected into the vein. The ideal foam, then, should be
durable enough to allow injection before separating
into its gas and liquid components, yet short-lived

enough to break down once injected. In this study, we
compared methods for determining bubble size and
bubble size distribution of foam formulations com-
monly used in vein treatment as well as methods to
establish how the foam bubble size characteristics are
related to the stability and cohesive properties of the
foam. The optical image analysis method is an estab-
lished method for static foam bubble sizing and bubble
size distribution measured for freshly generated foam
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within its delivery syringe. The Sympatec method is
a convenient tool for generating foam bubble size
distribution and permits multiple measurements with
differing time delays, while Turbiscan™ permits the
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Figure 8. Comparison of the foam half time (Turbiscan™") for
various PCF formulations made using DSS and Tessari methods
(1:7 liquid:gas ratio) and foam half time for PEM. PEM displayed a
longer FHT than CO;-containing PCFs (n=15).

FHT: foam half time; RA: room air; PEM: polidocanol
endovenous microfoam.

measurement of foam coarsening on a continuous
basis.

Regardless of measurement technique, we noted
consistent differences between foam formulations. RA
PCFs produce foams with smaller bubbles, which are
inherently more stable but due to the insolubility of
nitrogen carry a higher risk of transient ischemic
attack (TIA).>® Replacement of RA with CO, results
in PCFs with larger initial bubble size distribution and
increasingly rapid coarsening with increasing CO, con-
tent. PEM produces foams of smaller bubble size and
narrower distribution, which is more comparable with
RA than CO,-containing PCFs made by either the DSS
or Tessari method (Figures 5 and 6). Therefore, PEM
may have the safety benefit of absorbability because of
the absence of nitrogen and the efficacy of stable small-
bubble foam. PEM produces no large bubbles
(Figure 6), unlike the DSS and Tessari methods. The
neurologic disturbances reported with foam sclerother-
apy might be related to gas embolisms that originate
from the foam,'>'>?7 although this might not be the
only factor, as recent evidence suggests a role for the
release of endothelin-1?® and histamine® in these dis-
turbances, but this role remains hypothetical. In con-
trast, when CO, replaced air the frequency of bubbles
seen on transcranial Doppler did not reduce but the
symptoms were almost eliminated,”’ and in the few
reported cases where urgent CT scanning was per-
formed following onset of neurological incident, gas
was found replacing the contents of the vertebral or
middle cerebral artery and in the cerebral venous drain-
age;'>'® the causal relationship seems inescapable.
Similarly, in a study by Regan et al. where O0,:CO,
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Figure 9. PEM had the longest calculated DT, almost twice that
of PCFs using RA and approximately eight times better than PCFs
prepared using equivalent gas mixtures in a biomimetic model
(n=4).

RA: room air; PEM: polidocanol endovenous microfoam.

foam was used in patients with proven right-to-left
shunt, despite many patients with bubble emboli, no sig-
nificant neurological events occurred® illustrating the
benign nature of small rapidly absorbing bubbles. To
complete the picture, a similar study needs to be con-
ducted using air-based foam.

In the foam drainage studies, PEM performed simi-
larly to RA PCFs (Figure 7(b) and 7(c)), consistent
with previous observations of similarities in bubble
size and distribution for both foam types.*> For PCFs
containing higher proportions of CO,, initial foam
drainage was rapid (Figure 7(a)). This leads to initial
high percentages of liquid drainage (first phase) and
rapid attainment of an equilibrium position (just tens
of seconds to reach the slower phase), whereas the rela-
tively dry foam consisting of large bubbles has an
inability to sustain the higher drainage rates warranted
by the larger bubble growth. Figure 7(c) shows how
FDT compares between PEM versus DSS PCF created
with various gas compositions and liquid:gas ratios (1:4

and 1:7). Drier foams (1:7 liquid:gas ratio) take longer
to drain than corresponding wetter foams (1:4 ratio),
which are most frequently used clinically. Wetter foams
will contain bigger fluid channels between the bubbles,
which pose less resistance to fluid flow under gravity;
capillary forces will also be lower, resulting in faster
drainage.

FHT results showed relative consistency with FDT.
The influential variables again were the methods used
to generate the foams (PEM vs. DSS vs. Tessari) and
the foam gas compositions, which followed the same
trends observed for foam drainage, i.e. reduced stability
with increasing CO, content (Figure 8). The reproduci-
bility of the results using Turbiscan'™ was good, with
relatively small standard deviation in the data. This
validates the Turbiscan™ as a useful and convenient
tool for generating FHT data in addition to dynamic
foam drainage data. Foam stability measurements
using a vertically standing column of foam, however,
only partly convey the physical requirements for useful
foam. When injected into an incompetent vein, the
sclerosing foam must ensure good contact with the
vessel endothelial lining while displacing blood volume.

It is recognised that the characteristics of sclerosing
foams for the treatment of varicose veins may be a
major determinant of efficacy and safety’; a unique
in vitro biomimetic model was therefore developed to
determine the behaviour of foam under clinically rele-
vant conditions. This model allows for an assessment of
the liquid-displacing capability of the foam and its sub-
sequent rate of degradation within the vessel. In other
measures of stability, RA foam performed best, but in
the biomimetic model, PEM had the slowest DR,
almost half that of RA and eight times better than
DSS- and Tessari-equivalent gas mixtures (Figure
S3.1). DT, a more meaningful expression of these
data, characterizes the length of time the foam plug
stays in contact with the vein wall. PEM had a DT
twice as long as PCF generated with RA (Figure 9).
In a previous report, sufficient practical details were
disclosed so that this method, whether manually per-
formed or with the aid of computerized image analysis,
could be reproduced, introducing a new parameter —
DR - to be used as a standard to quantify the cohe-
siveness of foams.>> In addition, the biomimetic ana-
lysis system may be of value to researchers and
clinicians to gain a deeper understanding of the phys-
ical parameters governing foam performance, ultim-
ately leading to the determination of optimal foam
for differing vein diameters and venous disorders.

Technical limitations and future perspectives

In the present study, we performed a range of experi-
ments to compare the performance of PCFs with PEM.
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There were some practical limitations to the study due
to the time required to manipulate the foam and place it
into the instrument before taking a measurement. This
was generally 30—40 s for most techniques, which meant
the foam had already undergone some degradation; this
is, however, likely to be the time it would take a phys-
ician to administer the foam into the vein in clinical
practice. Despite the wide range of experimental condi-
tions investigated, the effect of several parameters has
not been examined and could be the subject of future
investigations. One such area involves the effect of the
physical properties of carrier fluids on the stability/
cohesiveness of sclerosing foams. Experiments using
fluids of varying viscosity or physiological fluids (i.e.
plasma or whole blood) may be performed and could
be of interest due to the deactivation effects of bio-
logical fluids on sclerosants. However, this would
require optimization of existing techniques for charac-
terizing foam stability. Another area of possible inves-
tigation involves the effect of clinically relevant
parameters such as foam injection rate on foam stabil-
ity/cohesiveness. A third avenue of research could
involve a more extensive investigation of the effect of
different sclerosing agents (i.e. such as sodium tetrade-
cyl sulphate or alcohol) and their concentration on
foam stability/cohesiveness.

Conclusion

Polidocanol foams are not all the same, and it is diffi-
cult to compare clinical results unless characteristics are
known and reproducible. Air foams have good per-
formance but have associated risks, with persistent
nitrogen bubbles in the circulation. Small bubbles and
narrow bubble size distribution, with slow drainage and
separation times, improve foam performance by enhan-
cing stability. The biomimetic vein test produces a new
measure of foam performance that demonstrates the
low DR and longer DT of PEM compared to PCFs.
The PEM made with O,:CO,, low nitrogen-gas com-
position and proprietary foam generation device results
in better overall performance than PCF in a variety
of tests, without the associated risk of high-nitrogen
RA bubbles.

Dedication

In loving memory of our friend and colleague Vincent
O’Byrne who recently lost his battle with cancer. His dedica-
tion and spirit were an inspiration and an example to us all.
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