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Abstract

Further experimental evidence on the compressibility t#rags under normal physiolog-
ical pressure range is provided using the experimentalrapmaintroduced irYosibash
et al., JMBBM 39(2014):339-354.We enlarged the experimental database by including
almost twice the number of experiments, we considered ardiit artery - the porcine
common carotid that allowed longer and larger diameters.

In the physiological pressure range of 50 to 200 mmHg, aivelablume change d%
was obtained, lower compared to the sapheneous and fenmtedesa (2-6%). Most of
the arteries had a relative volume changé &Pab.

The relative volume change is found to be almost linearlypprtonal to the pressure,
and inversely proportional to the dimensions of the expenied arteries (especially the
artery length). The smaller the artery tested, the largerafative volume change (such a
phenomenon was also realizedYinsibash et al. JMBBM 39(2014):339-354).

We realized in recent past publications a flaw in the expartaigrotocol that results in
an overestimation of the relative volume change (thus wstienating the bulk modulus).
Itis due to the consideration of experimental observataose to the zero pressure. Non-

theless, in view of the experimental evidence, the prerapion of incompressibility in
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many phenomenological constitutive models of artery watiisuld be re-evaluated.

Keywords. Artery, compressibility, experimental observations

1. Introduction

Common constitutive models of arteries, aimed at predidiieir passive re-
sponse, are based on hyperelasticity assumption, preaasgithe incompress-
ibility of the artery tissue under physiological conditgmrsee e.g. the review [6].
The motivation for this assumption is the high content ofaxvat the artery wall,
which is considered incompressible.

A definitive experimental-based answer on the level of casgibility in artery
walls is therefore of biomechanical interest but not eamilywered because of dif-
ficulties to measure accurately very small differences lome under physiologi-
cal pressure. In [8] an accurate and calibrated experirhgygtem was described
for the measurement of volume changes in arteries underiglbgial condi-
tions. These experiments were performed ex-vivo on poraiteries harvested
the same day or a previous day, loaded by internal pressatevil represents
physiological conditions. Ten saphenous and femoral iegewere considered
(one carotid artery also) which demonstrated experimgréatonsiderable vol-
ume change: for the physiological normal pressure raa§é—200 mmHg the
relative volume change was2-6%. Recently, further studies demonstrating a
considerable volume change in arteries were reported. Aloand McGarry [7]
report on experiments on 13 excised circular disks of dianmat10 mm from the
descending aorta of six sheep. At an average stress of aboutr-Hg an average
relative volume change-3% is reported. This high compressibility at that low

stress is probably overestimated possibly due to the excesnd inaccuracies of



the measurements of a small overall volume of the specinstim@ed to about
80 mn?), but more importantly because of consideration of the Wégi volume
changes at very low applied stresses.

These recent experimental observations demonstrate tgressibility of ar-
terial wall tissues in three different artery types in twanaals. Here we extend the
experimental database and further investigate more daawely the compress-
ibility of the arterial wall tissue by using the calibratexiperimental apparatus
described in details in [8]. In addition to the sapheneowksfamoral arteries in
[8], we herein report on eighteen porcine common carotieras, thus enlarging
both the type and number of specimeni$ie compressibility values observed in
this study are compared to the ones in [Burthermore, we investigate if pres-
surizing the arteries to 300 mmHg (above the physiologiaabe as performed
in [8]) may have an influence on the relative volume changer aémoving the
internal pressure and reapply it. We also investigateaaitsfin the experimental
observations that may be contributed to the size of the s, and what is
the influence of wall thickness measurement error on the ernelative volume

change.

2. Methods

2.1. The experimental apparatus

The experimental apparatus used for measuring arteryisn@ichange in a
"physiological” condition (inflating the lumen by insergriquid to simulate the
blood pressure, allowing the artery to expand) is based erndias in [3] and
thoroughly described in [8]. It is briefly described heree tigst chamber (see Fig.

1) was a PMMA tube, with an internal diameter of 32 mm, sealeoloth ends



by rigid plastic caps. Through the center of each cap a hofliowall diameter
metallic tube was inserted, enclosing the main part of tessgurized volumy),.
One cap was perforated at two locations, that were conndotethstic tubes.
These needles were used to fill the test chamber with watetoaaitbw the exit
of air bubbles trapped inside the test chamber.

The artery specimen was tied to the metal hollow tubes ieddrom either
side of the test chamber with a pressure sensor inserteccathater into the tied
artery. Colored watév;, was inserted through the hollow tube inflating the artery.
The volume of the extruded wat€g: from the PMMA tube due to the inflation
of the outer surface of the artery was measured. The setine ¢ésting apparatus
and all its components are shown in Fig. 2.

The experimental apparatus was thoroughly calibrated. vaheus calibra-

tion tests are documented in [8]

2.2. Experiment protocol

Porcine common carotid arteries were extracted from ferp@e sacrificed
for medical research not associated with the vascular sysRrior to excision,
heparan sulfate was given to the sedated animal to preveod lalots in the ar-
teries. The excised specimens were kept in saline soluti@rdaC for at most
24 hours. The arteries were skeletonized (connectivedissmoved around the
arteries), cut to an appropriate length and attached to #tallic tubes by surgical
thread. Colored water was then inserted into the lumen tovertrapped air and
to check for leaks (by increasing the inner pressure to sevafler 200 mmHg).

A preconditioning protocol was then followed by determgihe amount of
inlet water ¥in 20ammHg) that produced 200 mmHg pressure within the lumen, and

repeatedly pumping it in and out until peak pressure in coutses cycles re-
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mained constant. Following preconditioning, incremerita ®nth ofVi, 20ammHg
were inserted at a pumping rate of Zﬁg Immediately after each dose, the pres-
sure and the water level in the measurement tube were retobioting water
volume pumped into the artery M, and the volume extruded from the test cham-
ber byVe, the tissue volume-change WAY = Vi, — Ve and relative volume-
change Wa%/ [%] where\y is the initial volume of the examined specimen. Each

experiment was repeated 3-4 times.

An experiment was performed to assess wether pressurese 806vmmHg
(used in all arteries in [8] and several arteries in this gfuday have induced
damage to the tissue which affects relative volume-chaegelts. On the third
inflation repetition, three additional doses were pumpéaltime artery creating an
internal pressure of up to 400 mmHg. Subsequently, two nmblagion repetitions

were performed and the relative volume-change calculated.

Following the experiment each artery was placed on a mitlimgrid, and
measured by photograph analysis. Edges of the artery eutstdsecuring strings
were trimmed, and the specimen was cut along its length. Aarstide was
placed on the flattened artery and photographBde flattened artery thickness
was measured by a height indicatorthree points along the micro slide and the
average is considered the wall thickness. Note that theoslade area was larger
than the flattened arteries thus maximizing their contaed,aand minimizing the
asserted pressure by the height indicatdolume was determined by area and
wall thickness. To estimate the wall thickness measuremeat, a micro slide
and a height indicator as described above were used. Sgcsndie specimens

were excised into two equal rectangular pieces which wexegpl on top of each



other the thickness was measured again.

We concluded that the error in wall thickness measuremesinigller than
10%. Specimens volume and wall thickness are proportidinatefore the error
in specimens volume due to wall thickness error is below 10Bts will induce an
error inAV /\ of approximately 10%. For example, for an artery of 5% reéati
volume change ari¢h = 100mm?, a 10% error invp will result in a relative volume

change of 4.54 to 5.54%.

Rubber specimens of two diameters and different lengthe wieed in [8]
to identify the “system’s overall bias from incompresstgil. Since preliminary
tests of rubber specimens in this study have shown simifardteto [8] we use
the data reported in that publication to adjust the volunange by the apparatus

overall bias.

2.3. Secimens

Nineteen specimens from fourteen female porcifigs crofa domestica, a
crossbred of mainly large white X landrace) were used in ogpeements. A

summary is given in Table 1.

2.4. Data analysis

Pressure measurements were recorded from 0 mmHg but thevdatan-
alyzed starting at 50 mmHg, considered the lowest physicébdmit (normal
porcine blood pressure is 80/130 mmHg [5, 2]). Because the common carotid
arteries are large vessels, the normal blood pressurenmitwe 80/130 mmHg,
then the physiological pressures we consider varies betwed0 mmHg and

~ 250 mmHg representing an intense activity. Relative vokham&nge was cal-



culated in relation to the volume at a pressurex050 mmHg (the exact value

varied between experiments).

The differences between the common carotid artery invagchere with the
femoral and sapheneous arteries investigated in [8], framesspecies (porcine)
and (almost) same experimental protocol and instrumemtaéire visualized by
box plots, see Fig.3. Red line indicates the median of tha slet, the edges of
the boxes show the 25th and 75th percentiles and the whiek&sd to the most

extreme data points which were not considered outliers.

Data was statistically analyzed by SPSS version 23 (SPSS NBW/ york,
USA). The influence of pressure on relative change in voluras analyzed by
a multivariate analysis (linear regression) with logaritb pressure and logarith-
mic relative change in volume, with a restricted maximunelitxood (REML)
estimation. We considered artery length, circumferenaéal volume and wall
thickness as influencing parameters. The model accountegnfmal as clus-
ters. The clustered structure of the data had to be accotortdde to correlation
assumed between observations belonging to one animalifispgon of a clus-
tered structure in the regression model yielded an unbisiseidtical estimation.
The model used in this analysis was linear with robust stahdeors. A 95%
confidence interval level was set for all tests, with a p-gal®.05 considered

significant.

3. Results

The comparison between the arteries investigated in tbdysand these in

[8] are presented in Table 2 and Figure 3. One notices thaatbege length,
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thickness and volume of the common carotid arteries in thidysis larger than
the femoral and sapheneous arteries in [8], whereas thageeircumference is

similar.

Relative volume-change before and after a high pressur@@ih®nHg was
induced at the third repletion were not significantly diéiet. Raw data which

shows this specific experiment is provided in Table A.18.

The arteries’ shapes at 0 pressure and under internal peesgushown in Fig.
4. Alllong arteries exhibited “buckling” shapes when inéidt A similar behavior

was observed in other experimental studies such as [1, 4].

3.1. Statistical analysis

Among all relations that weranalysedstatistically a multi-linear dependance
was found between the logarithm of the relative volume cbzhn@o’ to the loga-
rithm of the length, the logarithm of the shifted pressure @re logarithm of the

width. Therefore, the following relation was determined:

AV AV P—-50)¢
In—=a—b-InL+c-In(P-50)—d-InW = — ea-w

Vo Vo (1)

where a, b, ¢, d are parameters estimated by the statistiablsss, see Table 3.
We plot% versus P according to (1) in Fig. 5. Since rubber is consaliereom-

pressible, we relate any relative volume-change detectedhkiber experiments
in [8] as experimental error, thus, we subtract the relatmleme-change found
for rubber from the relative volume-change found for aderaccording to (2)
and plot the corrected relative volume-change for artendsg. 6. Parameters

estimates for rubber were determined according to (1) aesiemted in Table 3.
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4. Discussion

Experimental evidence on carotid arteries have shownhlegtd¢annot be con-
sidered incompressible under normal physiological presswvhich strengthens
the argument already presented in [8] where the same phemonias been ob-
servel for the sapheneous and femoral arteries. This study esldngeexperi-
mental database by including almost twice the number ofraxygats, addressing
arteries that are longer on average and having a larger tkanaed using a dif-
ferent artery type - the common carotid. In the physiolograssure range of
50 to 200 mmHg, these arteries change their relative volwrebbut5%, lower
compared to the sapheneous and femoral arteries (2-6%\8pt of the arteries
in the current study had a relative volume changé.6f4in the pressure range of
50-200 mmHg.

The relationship between the relative volume changefound to be almost
linearly proportional to the pressure, and inversely propoal to the dimensions
of the experimented arteries (especially the artery |9ngthe smaller the artery
tested, the larger the relative volume change. This intieggehenomenon, also
realized in [8] is not well explained yet, and further expegnts are necessary
with much longer arteries (this is a very challenging tasicsithe longer the
artery the more bifurcations it has). The "boundary lay&@$” (artery ends that
are tied to the metallic tubes) may pollute the relative nadichange observations
and thus affect the bias of the experimental results.

Although an almost linear relationship was found betwedatik@ volume



change and pressure, a simple linear correlation such as:

%/_V:a+b-L+c-(P50)+d-W (3)
0

iS not appropriate becaugéA;/F}—VO) does not contain the specimen’s dimensions
(e.gL,W), resulting in a single identical slope in the graphWwf\\j versus P for

all specimens. Of course that a more complex linear relghign) in which the
pressure term is multiplied by a function bfandW may be considered in the

future.

To illustrate the predicted relative volume change betwibencurrent study
using (2) and the corresponding correlation from [8], westder two typical ar-
teries (length 22/15 mm, circumference 11.75/10.c mm, thadkness 0.65/0.53
mm) and plotAV /\j as a function of the physiological pressure in Figure 7.

Although there is a small difference between the two prezhst both predict
very similar relative volume changes with a maximum differe of about 1% in

relative difference at 200 mmHg.

The impact of compressibility on the biomechanical respoofsarteries is
proportional to the ratio of bulk and shear modules, theesfthe bulk modulus
determination was another motivation in this follow on @sé on artery com-
pressibility. To allow an estimation of the bulk modulusyessl photos of the
artery at different internal pressures were taken to detertine change of outer
diameter along the artery. However, due to the low transpgrguality of the
container, the photos were not of high enough quality tord&tee accurately
these diameters. Furthermore, we don't have availablestithe the necessary

apparatus to identify the inner artery diameter. Futureegrpents with improved
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apparatus may allow to determine bulk modulus of arterieg @onvincing evi-

dence is provided that there is a non-vanishing compréisgibi

An artifact we realized in our study, common in recent pastipations [7, 3],
and may lead to misleading conclusions related to overasitom of the relative
volume change (thus underestimating the bulk modulus)jéstd the considera-
tion of experimental observations close to the zero pressihie aforementioned
recent studies present the relative volume change fromgspre to a given pres-
sure value, with a high relative volume changes in the orti&0% or more. Such
a representation is misleading since very small pressuaneges close to low pres-
sures (which are unphysiological) cause a large changdative volume. For
example, in Figure 8 we show that all our tested arteriesréxpee a very large
relative volume change in the pre-physiological rangeeeisgly close to the 0-10
mmHg, but immediately thereafter the relative volume cleaisglowly changing
as a function of the increase of internal pressuieus, relative volume changes
must be considered in the physiological pressure range, away from zero pressure,
and relative to the lowest possible physiological pressure.

Because of the effect of "buckling” under pressure at axiatsh rations of
1, the change in diameter of the artery is not constant albegttery, thus the
attempts to estimate the bulk modulwsre unsuccessful. In [1, 4] same phe-
nomenon of a decrease in axial force due to an increase isyeess reported,
causing compression forces in the load cell. Since in oueexpental setup the
artery is tied to the metallic tubes with an axial stretchoraf 1, applying an

internal pressurezsults inthe "buckling-like” shape.

Because of our use of the same experimental apparatus ds saf®e limita-
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tions listed there are extended to our study here.

The precise experimental apparatus together with extgrnilentype and sizes
of arteries addressed, we may further strengthen the cginolthat small relative
volume changeccursin arteries under physiological pressure range. Thergfore
any constitutive model for arteries must not a-priori asswan incompressible

kinematic constrain.
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Table 1: Summary of the arteries (all female porcine).

Specimen Animal L W T Vo  Weight
# # mm mm mm mm kg
l(exidy 1 145 38 052 898 60
2 2 38 12 0.83 378.5 41
3 3 345 128 0.63 279.3 73
4 4 44 12 046 2429 60
5 5 36 115 09 3726 50
6 6 32 11.8 0.5 188 45
7 7 285 135 0.77 296.3 50
8 8 35 155 0.88 4774 90
9 8 235 13 0.66 201.6 90
10 9 28 13 0.79 267.5 70
11 10 32 12 0.75 288 74
12 10 19 135 0.75 1924 74
13 11 21 13 091 2484 77
14 11 30 12 095 342 77
15 11 15 13 0.9 1755 77
16 12 30 15 0.82 381.3 82
17 13 34 115 0.7 273.7 45
18 14 12 12 0.6 86.4 30
19 14 15 12 0.65 117 30
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Table 2: Averages of specimen’s dimensions for the currertyscompared to [8hs well as

average weight of the animals. N indicates the number ofispets used in the multi-linear

regression analysis to estimate correlation’s parameters

N Type L w T Vo Weight

# mm mm mm mm Kg
13.34 0.78 271.37 63.05

Current 18  Common Carotid 29.00

Saphenous, Femoral
15.63 10.51 0.53 89.34 70.70

[8] _
(1 Carotid)
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Table 3: Parameter estimates from statistical analysis. féx arteries, R - for rubber control

specimens

Estimate Std. Err p<

aan 6.205 1.2423 0.000
by 1.087 0.1552 0.000

ca 0.940 0.0321 0.000
da 2.602 0.6553 0.000
aR -9.075 1.2381 0.000
bg 0.411 0.1161 0.000
cr 0.953 0.0183 0.000
dr -2.125 0.2705 0.000
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Figure 1: A schematic figure of the testing apparatus (fropn [8

Figure 2: Photograph of the testing apparatus’ componé&ois (8].)
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angular pieces after performing a longitudinal cut, themefapproximate specimens’s average

circumference are termed width.
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Figure 4: Photographs of all specimens included in statis&nalysis (photo of specimen 5 is
missing). In the first row of every group, the internal pressis dnmHg. In the second row
of each group the internal pressurexi240mmHg. Axial stretch ratio is 1 in all experiments,

therefore inflation resulted in a "buckling-like” shape.
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Figure 5: Relative volume-change for arteries. The cotiaidines are evaluated by (1) with the

parameters given in Table 3.
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Figure 6: Corrected relative volume-change in arteriesutated by (2).One artery, Corr 8, has

very small negative values and is not visible in this figure.
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23



Appendix A. Experimental Raw Data

Appendix A.1. Excluded artery
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Table A.4: Spec 1

av

Cycle Vin Vext pin %

# uL uL mmHg %

1 0 0 0 0

1 12 10.58 11 1.57
1 24 21.72 19 2.52
1 33 32.86 32 3.48
1 48 43.45 47 5.05
1 60 54.03 67 6.63
1 72 64.62 97 8.2

1 84 7465 132 10.4
1 96 83.56 180 13.83
1 108 93.03 220 16.65
2 0 0 0 0

2 12 1058 11 1.57
2 24 21.16 20 3.14
2 33 3286 35 3.48
2 48 4345 53 5.05
2 60 5459 78 6.01
2 72 64.62 112 8.2

2 84 74.09 161 11.02
2 96 83 210 14.45
2 108 92.47 302 17.27
3 0 0 0 0

3 12 7.24 12 5.29
3 24 18.38 23 6.24
3 33 29.52 39 7.2

3 48 40.66 57 8.15
3 60 51.25 83 9.73
3 72 61.83 121 11.3
3 84 71.86 175 13.5
3 96 81.33 245 16.31
3 108 90.8 326 19.13
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Appendix A.2. Raw data
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Table A.5: Spec 2

AV

Cycle Vin Vext pin %

# uL uL mmHg %

1 0 0.00 0 0.00
1 40 2451 9 4.09
1 80 62.95 28 4.50
1 120 101.95 49 4.77
1 160 139.83 66 5.33
1 200 178.83 80 5.59
1 240 21783 94 5.86
1 280 256.27 106 6.27
1 320 295.82 122 6.39
1 360 333.15 144 7.09
1 400 371.03 170 7.65
1 440 408.91 240 8.21
2 0 0 0 0.00
2 40 2451 10 4.09
2 80 62.67 25 4.58
2 120 100.28 50 521
2 160 138.16 69 5.77
2 200 177.16 82 6.03
2 240 217.27 96 6.01
2 280 256.27 109 6.27
2 320 294.15 126 6.83
2 360 333.70 144 6.95
2 400 368.80 190 8.24
2 440 408.36 260 8.36
3 0 0.00 0 0.00
3 40 24.23 6 4.17
3 80 61.28 24 4.95
3 120 99.72 48 5.36
3 160 138.16 66 5.77
3 200 177.16 82 6.03
3 240 216.16 95 6.30
3 280 255.71 108 6.42
3 320 29415 122 6.83
3 360 333.15 144 7.09
3 400 371.03 181 7.65
3 440 408.91 251 8.21
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Table A.6: Spec 3

Cycle Vin Vext pin %

# uL uL mmHg %

1 0 0.00 0 0

1 30 28.13 15 0.67
1 60 57.38 26 0.94
1 90 86.91 39 111
1 120 116.43 52 1.28
1 150 14596 67 1.45
1 180 17493 91 1.81
1 210 203.90 112 2.18
1 240 232.87 147 2.55
1 270  261.28 204 3.12
1 300 289.14 265 3.89
2 0 0.00 0 0

2 30 28.97 14 0.37
2 60 57.94 25 0.74
2 90 88.02 36 0.71
2 120 118.11 50 0.68
2 150 147.08 70 1.05
2 180 176.60 90 1.22
2 210 206.13 109 1.39
2 240 235.10 152 1.76
2 270 263.51 223 2.32
2 300 29248 290 2.69
3 0 0.00 0 0

3 30 28.41 12 0.57
3 60 58.50 24 0.54
3 90 88.02 33 0.71
3 120 11755 48 0.88
3 150 147.08 66 1.05
3 180 176.60 85 1.22
3 210 206.13 112 1.39
3 240 235.10 147 1.76
3 270 264.07 204 2.12
3 300 292.48 291 2.69
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Table A.7: Spec 4

AV

Cycle Vin Vext pin %

# uL uL mmHg %

1 0 0 0 0

1 40 23.96 4 6.61
1 80 62.95 10 7.02
1 120 103.06 15 6.97
1 160 143.18 21 6.93
1 200 183.84 31 6.65
1 240 22340 48 6.84
1 280 26240 75 7.25
1 320 30251 101 7.20
1 360 342.06 132 7.39
1 400 381.62 178 7.57
1 440 420.06 240 8.21
2 0 0 0 0

2 40 23.96 4 6.61

2 80 63.51 6.79

2 120 103.62 13 6.74
2 160 143.73 18 6.70
2 200 183.84 25 6.65
2 240 223.96 36 6.61
2 280 263.23 56 6.90
2 320 303.06 83 6.97
2 360 342.62 109 7.16
2 400 382.17 143 7.34
2 440 421.17 193 7.75
3 0 0 0 0

3 40 37.88 5 0.87

3 80 77.99 11 0.83

3 120 11811 16 0.78
3 160 157.66 22 0.96
3 200 197.21 30 1.15
3 240 236.77 44 1.33
3 280 276.32 68 1.51
3 320 31588 94 1.70
3 360 355.99 122 1.65
3 400 394.71 161 2.18
3 440 433.43 219 2.71
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Table A.8: Spec 5

Cycle Vin Vext pin %

# uL uL mmHg %

1 0 0 0 0

1 40 20.06 5 5.35
1 80 57.94 10 5.92
1 120 96.66 16 6.26
1 160 138.72 23 5.71
1 200 175.21 32 6.65
1 240 214.48 47 6.85
1 280 253.76 71 7.04
1 320 291.64 116 7.61
1 360 333.15 176 7.21
1 400 367.69 245 8.67
2 0 0 0 0

2 40 20.61 5 5.20
2 80 58.50 10 5.77
2 120 97.49 16 6.04
2 160 137.05 23 6.16
2 200 176.04 32 6.43
2 240 215.60 43 6.55
2 280 254.60 75 6.82
2 320 293.04 111 7.24
2 360 331.48 180 7.66
2 400 369.08 265 8.30
3 0 0 0 0

3 40 21.17 5 5.05
3 80 58.77 10 5.70
3 120 97.77 16 5.97
3 160 137.05 23 6.16
3 200 176.04 30 6.43
3 240 216.16 46 6.40
3 280 25487 71 6.74
3 320 293.31 106 7.16
3 360 331.48 176 7.66
3 400 369.08 239 8.30
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Table A.9: Spec 6

Cycle Vin Vext pin %

# uL uL mmHg %

1 0 0 0 0

1 25 22.84 8 1.15
1 50 46.80 21 1.70
1 75 70.19 34 2.56
1 100 94.15 53 3.11
1 125 116.43 85 4.56
1 150 137.60 126 6.59
1 175 158.77 185 8.63
1 200 178.27 250 11.56
2 0 0 0 0

2 25 22.84 9 1.15
2 50 46.80 16 1.70
2 75 70.75 27 2.26
2 100 94.71 43 2.82
2 125 11755 67 3.96
2 150 139.28 98 5.70
2 175 160.45 142 7.74
2 200 180.50 206 10.37
3 0 0 0 0

3 25 23.40 13 0.85
3 50 47.35 22 1.41
3 75 70.75 34 2.26
3 100 94.15 54 3.11
3 125 116.43 83 4.56
3 150 138.16 121 6.30
3 175 159.33 180 8.33
3 200 178.83 254 11.26
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Table A.10: Spec 7

Cycle Vin Vext pin %

uL uL mmHg %

0 0 0 0

35 21.17 14 4.67
70 54.60 29 5.20
105 88.02 46 5.73
140 122.56 60 5.89
175 156.27 78 6.32
210 190.53 96 6.57

245 22451 117 6.92
280  258.77 141 7.16
315 29192 177 7.79
350 324.79 229 8.51

0 0 0 0

35 22.28 12 4.29
70 55.43 28 4.92
105 89.14 42 5.35
140  123.40 61 5.60
175 157.38 74 5.95
210 19192 93 6.10

245 22591 113 6.45
280 260.45 137 6.60
315 29387 170 7.13
350 326.18 224 8.04
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Table A.11: Spec 8

Cycle Vin Vext pin %
uL uL mmHg %
0 0 0 0
40 28.41 7 2.43
80 67.41 31 2.64
120 106.96 47 2.73
160 146.52 62 2.82
200 186.07 77 2.92
240 225.63 99 3.01
280 265.18 128 3.10
320 304.18 174 3.31
360 343.18 231 3.52
0 0 0 0
40 27.86 13 2.54
80 67.41 27 2.64
120 106.96 40 2.73
160 14596 55 2.94
200 185.24 70 3.09
240 225.07 88 3.13

280 264.07 114 3.34
320 303.62 152 3.43

360 342.06 200 3.76
0 0 0 0

40 28.41 13 2.43
80 67.69 26 2.58
120 106.96 39 2.73
160 146.24 52 2.88
200 186.07 67 2.92
240  225.63 83 3.01
280 264.90 106 3.16
320 304.18 142 3.31
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360 34262 192 3.64
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Table A.12: Spec 9

Cycle Vin Vext pin av

uL uL mmHg %

0 0 0 0

20 15.88 29 2.04
40 33.43 60 3.26
60 51.81 79 4.06
80 70.75 96 4.59
100 89.69 111 511
120 108.36 128 5.77
140 127.02 150 6.44

160 14596 173 6.96
180 164.90 192 7.49
200 183.29 219 8.29

0 0 0 0

20 25.07 23 7.40
40 43.18 54 8.34
60 61.28 72 9.28
80 80.22 85 9.81
100 99.16 103 10.33
120  118.66 117 10.58
140  136.49 134 11.66
160  155.43 156 12.18
180 174.09 180 12.85
200 192.48 205 13.65
0 0 0 0

20 17.83 21 1.08
40 35.65 40 2.16
60 54.60 56 2.68
80 72.98 76 3.48
100 91.92 92 4.01

120 110.86 104 4.53
140 129.81 115 5.06
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160  148.75 136 5.58
180 167.13 156 6.38
200 186.07 181 6.91
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Table A.13: Spec 10

Cycle Vin Vext pin %

# uL uL mmHg %

1 0 0 0 0

1 40 27.02 15 4.85
1 80 65.74 32 5.33
1 120 104.18 49 5.92
1 160 143.18 65 6.29
1 200 181.62 85 6.87
1 240 221.17 103 7.04
1 280 260.17 125 7.42
1 320 299.16 155 7.79
1 360 336.49 193 8.79
1 400 374.37 252 9.58
2 0 0 0 0

2 40 28.97 13 4.12
2 80 64.90 33 5.64
2 120 103.62 49 6.12
2 160 142.62 66 6.50
2 200 181.62 84 6.87
2 240 220.89 101 7.14
2 280 259.61 122 7.62
2 320 298.89 144 7.89
2 360 337.05 191 8.58
2 400 373.82 262 9.79
3 0 0 0 0

3 40 27.02 10 4.85
3 80 65.18 30 5.54
3 120 103.90 46 6.02
3 160 142.90 62 6.39
3 200 182.17 80 6.67
3 240 222.28 96 6.62
3 280 260.72 115 7.21
3 320 299.44 138 7.69
3 360 337.88 174 8.27
3 400 375.77 234 9.06
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Table A.14: Spec 11

Cycle Vin Vext pin av

uL uL mmHg %

0 0 0 0

30 15.60 9 5.00
60 44.57 16 5.36
90 74.09 26 5.52
120 103.06 39 5.88
150 13259 57 6.04
180 162.12 85 6.21

210 191.36 115 6.47
240  220.61 150 6.73
270 24958 205 7.09

0 0 0 0

30 14.76 6 5.29
60 43.73 14 5.65
90 73.54 23 5.72
120 102,51 35 6.07
150 132.03 55 6.24
180 16156 84 6.40

210 191.09 117 6.57
240  220.33 159 6.83
270  249.58 213 7.09

0 0 0 0

30 15.60 5 5.00
60 44.01 13 5.55
90 74.09 22 5.52
120 103.06 33 5.88
150 133.15 52 5.85
180  162.67 75 6.02

210 192.20 111 6.18
240  221.17 149 6.54
270  250.42 210 6.80
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Table A.15: Spec 12

Cycle Vin Vext pin av

uL uL mmHg %

0 0 0 0
8 3.34 8 2.42
16 9.47 18 3.39
24 16.16 28 4.08
32 23.96 42 4.18
40 31.20 63 4.58
48 38.72 80 4.82
56 45.96 116 5.22
64 52.92 151 5.76
72 60.17 229 6.15
0 0 0 0
251 7 2.86
16 9.47 17 3.39
24 17.27 30 3.50
32 24.79 46 3.75
40 32.03 69 4.14

48 39.55 101 4.39
56 46.80 143 4.78
64 53.76 196 5.32

72 61.00 229 5.72
0 0 0 0
2.79 6 2.71
16 10.03 17 3.10
24 17.27 29 3.50
32 25.07 46 3.60
40 3231 69 4.00
48 39.83 100 4.25
56 46.80 141 4.78
64 53.76 191 5.32
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72 60.72 242 5.86
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Table A.16: Spec 13

Cycle Vin Vext pin av

uL uL mmHg %

0 0 0 0

8 1.95 18 2.44
16 8.36 50 3.08
24 1532 78 3.49
32 22.01 98 4.02

40 29.53 120 4.22
48 36.77 147 4.52
56 44.01 170 4.83
64 51.25 197 5.13
72 58.22 228 5.55

0 0 0 0
2.23 17 2.32
16 8.08 45 3.19
24 1532 63 3.49
32 22,28 92 3.91

40 29.53 118 4.22
48 36.77 144 4.52
56 43.73 174 4.94
64 50.70 198 5.36
72 58.22 244 5.55

0 0 0 0
1.67 15 2.55
16 7.80 41 3.30
24 14.48 65 3.83
32 21.73 88 4.14

40 28.97 114 4.44
48 36.21 141 4.75
56 43.18 172 5.16
64 50.14 199 5.58
72 57.10 238 6.00
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Table A.17: Spec 14

Cycle Vin Vext pin %

# uL uL mmHg %

1 0 0 0 0

1 30 14.21 6 4.62
1 60 42.62 16 5.08
1 90 71.59 28 5.38
1 120 100.00 43 5.85
1 150 127.86 64 6.48
1 180 155.43 86 7.18
1 210 183.01 109 7.89
1 240 209.75 139 8.85
1 270 236.49 184 9.80
1 300 263.23 240 10.75
2 0 0 0 0

2 30 14.48 8 4.54
2 60 42.90 17 5.00
2 90 71.31 27 5.47
2 120 100.00 41 5.85
2 150 128.13 62 6.39
2 180 155.43 85 7.18
2 210 183.29 109 7.81
2 240 210.58 142 8.60
2 270 237.33 195 9.55
2 300 262.40 253 11.00
3 0 0 0 0

3 30 13.93 7 4.70
3 60 41.78 15 5.33
3 90 70.19 25 5.79
3 120 98.61 38 6.26
3 150 127.02 58 6.72
3 180 154.60 80 7.43
3 210 182.45 103 8.06
3 240 209.75 136 8.85
3 270 236.21 188 9.88
3 300 260.72 247 11.48
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Table A.18: Spec 15

Cycle Vin Vext pin %

# uL uL mmHg %

1 0 0 0 0

1 111 9 3.92
1 16 6.69 28 5.31
1 24 12.53 46 6.53
1 32 19.22 62 7.28
1 40 26.74 79 7.56
1 48 3454 100 7.67
1 56 41.78 122 8.10
1 64 49.03 155 8.53
1 72 56.55 193 8.81
1 80 63.51 223 9.40
2 0 0 0 0

2 1.11 11 3.92
2 16 6.13 27 5.62
2 24 1198 39 6.85
2 32 19.22 53 7.28
2 40 26.74 68 7.56
2 48 33.98 87 7.99
2 56 41.78 113 8.10
2 64 49.03 139 8.53
2 72 55.99 187 9.12
2 80 63.23 224 9.55
3 0 0 0 0

3 111 10 3.92
3 16 5.57 24 5.94
3 24 11.70 36 7.01
3 32 18.94 48 7.44
3 40 26.18 60 7.87
3 48 33.98 77 7.99
3 56 4150 102 8.26
3 64 49.03 133 8.53
3 72 56.27 177 8.96
3 80 62.95 231 9.71
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Table A.19: Spec 16

Cycle Vin Vext pin av

pL UL mmHg %
0 0 0 0
35 18.38 11 4.36
70 5125 20 492

105 8468 28 533 Cycle Vin Vext pin &
140 11811 37 574
175 151.53 49 6.15
210 18552 65 642
245 21978 85 661
280 25348 109  6.95
315 287.47 143 722
350 32117 193 756
385 35376 245 819

uL uL mmHg %

35 16.99 7 4.72
70 48.47 14 5.65
105 83.57 20 5.62
140 117.55 26 5.89
175 15153 33 6.15
210 186.07 42 6.28
245 220.06 56 6.54
280 254.04 76 6.81
315 288.02 99 7.08
350 322.01 128 7.34
385 355.99 170 7.61
420 389.14 243 8.09
455  421.17 350 8.87

35 15.60 8 5.09
70 50.14 16 5.21
105 84.12 23 5.48
140 118.11 30 5.74
175 15153 39 6.15
210 185,52 52 6.42
245 220.06 72 6.54
280 254.60 95 6.66
315 288.30 123 7.00
350 321.45 164 7.49
385 354.87 234 7.90

35 18.94 5 4.21
70 51.25 12 4.92
105 85.79 18 5.04
140 119.78 23 5.3

175 153.76 30 5.57
210 188.3 38 5.69
245 222.28 49 5.96
280  256.82 66 6.08
315 290.81 87 6.34
350 324.79 113 6.61
385 358.77 148 6.88
420 392.2 209 7.29
455 42451 304 8

35 15.60 7 5.09
70 47.91 14 5.79
105 81.89 21 6.06
140  115.88 28 6.33
175  149.58 36 6.67
210 183.84 48 6.86
245  217.83 65 7.13
280 251.25 89 7.54
315 286.35 117 7.51
350 319.78 155 7.93
385 353.20 220 8.34 41
420  385.52 201 9.04
455  418.94 394 9.46
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Table A.20: Spec 17

Cycle Vin Vext pin av

uL uL mmHg %

0 0 0 0

35 32.31 10 0.98
70 66.30 17 1.35
105 100.00 26 1.83
140 13454 37 1.99
175 168.80 56 2.26
210 203.06 78 2.53

245  237.60 100 2.70
280 27187 162 2.97
315 304.74 257 3.75

0 0 0 0

35 13.93 9 7.70
70 46.24 13 8.68
105 80.22 20 9.05
140 11421 29 9.42
175 148.75 44 9.59
210 183.29 67 9.76
245 21811 91 9.83

280  252.09 135 10.20
315 285.79 225 10.67

0 0 0 0

35 12.53 6 8.21
70 44.29 13 9.39
105  78.83 20 9.56
140 113.09 30 9.83
175 14735 43 10.10
210 181.62 66 10.37
245 21643 81 10.44

280 25042 127 10.81
315 28440 212 11.18

W oW oW W W W WWWWNNRNDNDNRNRNDNRNNRERRRPRPRP R PR P R R H®

42



Table A.21: Spec 18

Cycle Vin Vext pin %

uL uL mmHg %

0 0 0
2.79 35 1.41
5.29 70 3.13

12 8.36 113 4.22
16 11.14 152 5.62
20 13.93 206 7.03
24 16.71 242 8.43

0 0 0
4 2,51 42 1.73
5.29 83 3.13

12 8.08 127 4.54
16 11.42 170 5.30
20 13.93 212 7.03
24 16.71 257 8.43

0 0 0
4 2,51 40 1.73
5.29 7 3.13

12 8.08 123 4.54
16 11.14 167 5.62
20 13.93 212 7.03
24 16.43 264 8.76
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Table A.22: Spec 19

Cycle Vin Vext pin av

uL uL mmHg %

0 0 0 0

6 3.90 13 1.80
12 9.75 27 1.92
18 15.04 48 2.53
24 19.50 69 3.85

30 23.96 101 5.17
36 28.41 132 6.49
42 33.15 170 7.57
48 37.60 204 8.89
54 42.34 254 9.97

0 0 0 0
5.01 14 0.84
12 10.58 30 121
18 15.88 52 1.81
24 2117 83 2.42

30 2591 114 3.50
36 30.64 150 4.58
42 35.65 190 5.42
48 40.67 220 6.27
54 45.13 269 7.59

0 0 0 0
4.46 16 1.32
12 9.75 30 1.92
18 15.04 50 2.53
24 1950 77 3.85

30 24.23 107 4.93
36 29.53 150 5.53
42 34.26 192 6.61
48 39.55 225 7.22
54 4457 263 8.06
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