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t r s s ti t  t  r ti  an  ati  gra ati n 
an  s s nt an a  fa r  a  t  t r s ss-
f  s  (  5)

In r nt ars  a an s n r s n  a  g n 
r s  t  an rtant n  ass f arti a  art a  r -

nant  a  f r t an - as  at r a   
s s g  ati t  an  sta t  (6-9)  a  
gra  s g nt  r t an  ( ) as n s ssf  
a  n ar s ar as ar s   a s ar  r-
r nt  ti  s  n r a  a a a  ass st s 
(10  11)  t n  r  r st s s a  r n ng-t r  

ra t  f r n a  antati n s  far  t  t  r ti  
gra ati n f t  r t an  a n n r in vivo n -

ti ns (12)
r  r nt  t  nt n r  at r a  

t n g  s a  n nan s t  r ati n  as 
ra s  nt r st aga n n f  r  art a s  an  

t a  (13) r s  nan -  r t an s as nn a-
ti  sta  at r a s a a  f r ng t  - n n 

gra ati n ss  f r stan ar    t  a  f n ti n-
a ati n f ts ati  r s a s t  ( ar nat - r a) 
s g nt n  t  ra  g r  s s s -
an s nan arti s (1  15)

An a t rnati  n  f r s ta  f r t  s gn f 
s nt ti  art a  r st s s s r    nan -

s t s   str t r  f  rs an  ta r  t  
a  an a  an  a  a   r rti s starting 
fr  t  n  f 2 r r  rs   r rti s f t  

na  r t  t n t s  f t  n tia  at r a s (16)
A ng t  ss  n s  n  ast rs as  n 

st r n   r a  ng r s  as a a a  
rs f r t  nstr ti n f art a  r st s s  

t  t r g  ati t  r s ng an a  r r-
ti s an  ati n r s stan  (1 -20)  In  r a  
a a a   rs  s  as (St r n -Is t n -
St r n ) (SI S; Inn a rs) s  s r r -
a  sta t  (21  22) an  g  fatig  r s ns  (23  2 )

 n an  ng-t r  ra t  t r g n t  an  
na  a r  ang t a  (25)  r n-

f r nt t n  t r t a at  ( ) fa r  nt  
(st r n - - s t n - -st r n ) (SI S) an  

 t  s rfa  f t s  r st ti  a s t  a -
r st  s ati n  ( ) at  s   SI S 
a s fa  n an a  t sting a s  f at r a  a ag  

an  a ati n   a  t s  ra a s  t  r rti s f 
SI S a  t   r  n r r t  r  t  str t ra  
nt gr t  r r  f r ng-t r  s  in vivo   t s r s  

Stas a  t a  (26) s  t r an a  tr at nts t  
ang  t  r str t r  f st r n   rs an  
ns nt  t r an a  a r

In arti ar   nstrat  t at a n r a  r -
g  f t  r a ns a  t rn fr  s tr  t  r nt  
 r ss n ng n  ann s (20)  s an s tr  

r r g  f ti    t  str t r -
f n ti n f an s tr  ag n n t  nati  a  r ng 
t  rf r an  f t   (2 )

 a  f t s r  s t  ara t r  t  r na  
a r f n   r t t s ( - a ) fa r at  a 

r ss n ng n r ntin s an  sati  n -
ti ns  n r r t  st  t  a a  f t  - a  t   

s  as an a t rnati  t  an a  an  tiss  art a s 
rr nt  n t  ar t

Methods

A t ta  f 16 n   r t t s ( - a s) r  an-
fa t r   r ss n ng t n  fr  t  f-

f r nt r a  a a a  st r n   rs (S ) 
ta n  fr  rat n  rf r an  rs   gr s 

f a s r  n stigat  a  n  r s ng 8 a s:

 r  A: a s an fa t r  fr  (st r n -b- s -
r n ta n -b-st r n )  rs t  19  

r ntag   ass ( t) st r n  fra t n
 r  : a s an fa t r  fr  (st r n -b- s -

r n -b-st r n )  rs t  30  t -
st r n  fra t n

t  at r a s ar  n ar  rs t  narr  -
ar g t str ti n f a t 180 g -1 an  130 g 

-1 f r gr s A an   r s ti   r nt st -
r n  fra ti n t at ara t r s t  2 at r a s s r s n-
s  f r a r nt sti n ss f t s  rs   sti n ss 
s r t  r at  t  t  r an a  str ngt  as 

r rt  n (19)
  nts ( g  1A) r  an fa t r  n a -

n   s ar  r s n ( a r g  a t r s gn)  as  n 
a 3- ns na  g tr  r ating t  nat ra  n g ra-
ti n f tr a t art a s (28)  - a  r t t s r  

ta n   t r ss ng at 150  s (a r at   
0 5 3) f t   r n tia  at  at t  -

ss ra  f a  f t  3 a ts f t  a   - a  
g tr  r  an  ns ns ar  r rt  n g r s 1  
an   - a s ng ng t  t  r  A an  r   

r  t st  in vitro n r ntin s an  sati   t  
a at  r ss r  r s an  r g rg tati n n t  n ti ns  

as r n   ISO 58 0 Stan ar  (29)
ntin s an  sati   t sts r  rf r  s ng 

sti  at r at r  t rat r  (25 )

Continuous tests

 r nta  t st n  s  t  a at  - a  
r ss r  r s n ntin s  n ti ns s s n n  
g r  2A   s t  ns st  f a r s r r  a ntr f ga  

 ( IO- I S - 550 IO ONSO ; tr n ) an  
a a  s ng n t ( ) s gn  a r ng t  t  g -

n s f t  ISO 58 0 Stan ar   a s r  s a  t  
O-r ngs n t   t  a  an  a ag

 a s r  t st  at  rat s rang ng fr  0 t  
10 n  t  an n r nta  st  f 0 5 n  rans a -

ar r ss r  r  as as r  3 ti s f r a  a   
r ss r  trans rs (1 0  r ss r  s ns rs  n ) t  
r f  t  r ata t  f t  t sts

 r nta  s t  f r t  r g rg tati n t st -
r s  a a   (t  sa  s  r ng t  ntin s  

t sts); a r s r r s ti n  str a  t  t  a  at t  
sa  g ti   t  r  a nstant r ss r  r a  
an  a r s r r a  nstr a  fr  t  a  at r-

nt g ts  t  ar  t  a r ss r  a ting n t  a
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r ng t sting  t  g t f t  r s r r as ang  
t  r  a a r ss r  rang ng t n 28 t  128 g  
(5 g st s)  t n 2 ns ti  as r nts  

a r ss r  as s t t  r  g t  a  t  a  t  r -
r ts n tia  n g rati n   r g rg tati n rat  at a  

a r ss r  as as r   s ng a trans t-ti  tra-
s n  t r ( 110 s r s  rans n  S st s)

Pulsatile tests

as  n a r s r  (30)  a n  s  at r 
as s gn  an  t  t  rf r  sati   t sts 

( g  2 )  It ns sts f t  f ng nts: a t-
r  ng s st  a ntr ar a r  an a rti  a  

s ng  a s st  an  s at r an  a tra  a  
s ng

 tr  ng s st  an  t  s st  -
an  s at r a  n r s  s r  n ta  

(30)   ng s st  as r n  an tr n  n-
tr r a ng t  s ng f r nt  rat  a f r s 
an  r nt fr n s  In t s r  t  s st   rat  

as r at   t  S ans n an  ar  a f r  (31)  
 a  a r an    rat  a f r  (32) 

as s  t  r r  t  ast   rat   ntr -
ar a r a s t  s ati n f t  s g a  

an  at g a  str   (S )  ntr ar a -
r an  t  ng s st  ar    a t n s n 

ran  (t n ss  0 3 )  s a  t  st n an 
 s at  an   t  sti  at r t  r nt a -

ag  t  t  an a  s st   t  t r nts f 
t  s  at r an   t  r nt s ( g  

 r s s ating t   r g a  r rti s) 
f r r   a rti  an  t  tra  a  s ng ar  t  

sa  s  f r t  ntin s  t st an  ar  nn t  
t  stra g t t s t  t  s st  an  s at r 

an  t  t  ntr ar nt r s ti  rt r r  
t s s t  a s t  r t s a  s r ati n f t  a s 
at r nt ti  st s f t  

A r ng t  t  NI N ISO 58 0 Stan ar  t  n  s  
at r r r s t  s g a  r ss r  an   

a f r s ( g  3) (  art r a  a  s st  r ss r  rang ng 
fr  100 t  130 g  art r a  ast  r ss r  fr  65 
t  85 g  r ntia  r ss r  a r ss s  a rti  a  

a  t  95 g)
 - a s r  t st  at r nt  rat s an  

a r ss r s  as r r   t  NI N ISO 58 0 Stan ar  

Fig. 1 - (A) A n   (B) s t  an  (C) t r  f - a   ns ns ar :  a t  10 ∼10 9 ;  t t  21 ;  nt  21 ; 
 t  28 ; tiss  ann s a t r ( A )  21 ; t n ss a t  0 36∼0 2 

Fig. 2 - O t n  f t  t st n s: (A) r nta  s t  f r ntin s  t sts  (B) r nta  s t-  f r t  sati   t sts   
ati ns f str a  an  nstr a  r ss r  an   rat  r s ar  s n n t  s t ; t  s r ati n nt fr   t r s 
r  ta n s n at   t   s
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rans a ar r ss r  r  as as r  at a nstant fr -
n  ( 0 ) an  ar a   rat  (2  3 5  5 an   

n)  g rg tati n  as t r n   t sting a  
a  at a an  rat  f 5 n at 3 r nt fr n s 

( 5  0  120 )  At a  fr n  3 a r ss r s r  
t st  (80  120  160 g)  S tan s as r nts 

r  r r   s ng trans t-ti  tras n  -
t r an  r ss r  trans rs at  35  str a  an   
105  nstr a  fr  t  a rti  a  rans a ar 

r ss r  r  r g rg tati n ( )  r g rg tant fra ti n ( ) 
an s st  r ss r  r n  ( S ) an  ti  r -
 ar a ( OA) r  a at  f r a  a  ati n 1  

as s  t  a at  S

 ∑= =
∆

MSPD
pi

n
i 1

n

  1

r  i s t  r ss r  r n  a r ss t  a  n g 
an  n s t  n r f sa s r ng t  s st  as

ati n 2  fr  ISO 58 0 (29) as s  t  a at  OA

 =

ρ
∆

EOA
Q

51.6.
p

RMS   2

r   s t  an r ss r  r n  n g   s t  
ns t  f t  t st  n gra s r  nti tr  an  

Q S s t  r t an s ar  f f r ar   n tr s r 
s n  g n  ati n 3

 ∫
=

−
Q

Q(t) dt

t tRMS

2

t

t

2 1

1

2

   3

r  (t) s t  nstantan s  at ti  t  t1 an  t2 
ar  ti  at start an  n  f t  f r ar   r s ti

g rg tati n s g n  ati n 

 ∫=RG Q(t) dt
t

t

3

4

  

r  t3 an  t  ar  ti  at start an  n  f t  a ar  
 r s ti   s a at   ati n 5

 =RF%
RG
SV

.100   5

Statistical analysis

a  a  as n t st  f r at ast 15 ns ti  s 
at a  t st n ti n  S SS Statisti s rs n 21 (I ) as 

s  t  rf r  statisti a  t sts  A  ata ar  r rt  as an  
stan ar  ati n (S )  In n nt-sa s t-t st as s  
t  t r n  statisti a  s gn ant r n s t n t  
gr s  S gn an   f r t  t sts as s n at 0 01

Fig. 3 - r ss r  an   tra ngs 
a r  r ng a sati  t st   
fra  (A) r rts t  s st  r s-
s r  gra nt r ti  a t a 

a  f r  A an  t  an s s-
t  r ss r  r n  ( S   

8 g)   t r s s  t  
a r f t  2 gr s f a s 

(solid line r  A an  dashed line 
r  ) at r nt nstants r ng 

ti  : (B) ar  ast  (C) n  
f ast  an  (D) s st  a
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results

Continuous flow test

r  A s  a statisti a  r (   3 2 - ) an 
trans a ar r ss r  r  (8 36  1 33 g) t an r  

 (15 26  1 8  g) at t  a   rat  (10 n) 
( g  A)

A s  t  an r g rg tat n s a   r  A as 
r (1 5 3  19 n) t an r   (26   26 

n) ( g  )  t t  ff r n  s stat st a  ns g-
n f ant (   0 0 )   s a  ff r n  n r g rg tat n 

t n t  2 gr s a   as r  t  t  ff r nt  
a ag  ar a f r  r ng t  a  s ng as   

( g  )

Pulsatile flow test

A  t  t st  - a s  t  n  rf r-
an  r r nts s t  t  ISO 58 0 Stan ar  ( g  5): a  

t  16 s s  OA 1 2 an  a r g rg tant  10  
f t  str   (S   1  )   n  rf r-
an  r r nts rr s n  t  t  f ng sati -  
n ti ns: art rat   0 s n  s at  ar a  t t 

 5 0 n  S   1   an a rti  r ss r   100 g  
an  s st  rati n  35

r  A s  statisti a  g r OA (1 5  0 21 2) 
t an r   (1 21  0 12 2) (   2 29 - )

an r g rg tati n  as ara  t n t  
2 gr s ( 13  1 33  f r  A s  6 60  0 9  f r  

) ( 0 05)

Fig. 4 - s ts f ntin s  t st: 
(A) ar s n f trans a ar r ss r  

r s t n t  2 gr s f a s 
( ata ar  r rt  as an a ng 8 
a s  S )  (B) t r s f 2 - a s 

(t  a  fr  r  A;  a  
fr  r  )  at 2 r nt rat s  
(0 n n t   an  10 n n t  
r g t)  (C) ar s n f r g rg tati n -
t n t  2 gr s ( ata ar  r rt  as 

an a ng 8 a s  S )  (D) t r s 
f 2 - a s (t  a  fr  r  

A;  a  fr  r  ) r ng 
stati  r g rg tati n t sts  at 2 r nt 

a r ss r s (28 g n t   an  
128 g n t  r g t)

Fig. 5 - OA (A) an  r g rg tati n (B) (  
str  ) f r t  2 gr s f a s  

r ng sati  t sts n ti ns: rat   
0 n  ar a  t t  5 0 n  

an a rti  r ss r  100 g an  s s-
t  rati n  35   r nta  n s 
n at  t  ISO 58 0 s ati ns f r 
t  sa  sati   n ti n



De Gaetano et al  605

 2015  A t rs  s   tig s ng

 t sts s  t at t  S  r r  n r  A 
as statisti a  r (12 20  1 1 g) t an n r   

(1 09  3 39 g) (   0 0019)
A s  t  a  trans a ar r ss r  r s r  sta-

tisti a  r nt (   3 3 -05) t n r  A an  r   
r  A s  a a  r ss r  r  a  t  30 09  

 g   n r   t as 3 98  52 g

Discussion

St a  stat  an  sati  r na  t sts r  r-
f r  t  a r  nf r ati n an  n at rs n t   

an a  a r f - a s an fa t r  fr   
rs a ng r nt st r n  nt nt   r s ts 

fr  ntin s an  sati   t sts nstrat  t at 
t  trans a ar r ss r  r  s r at  t  t  sti n ss f 
t  r   n r as s t  st r n  ass r nt-
ag  n t  at r a  ( gs  A an  5A)

r n s t n r  A an  r   f r t  OA 
an  an trans a ar r ss r  r s ar  statisti a  s g-
n ant as nstrat   n n nt-sa  t-t st  

s  r n s an  a n   t  g r an a  
str ngt  f t  r t at nstit t s t  a s ng-
ng t  r   f ar  t  t  at r a  nstit ting a s 

ng ng t  r  A  As a a r f fa t  ng nstant a  
t  t r n ti ns  a g r at r a  sti n ss s r s ns  
f r a s a r a t f r ati n r ng t  s st  as  
an  ns nt  f r a r  a  n ng

s r s t an  as r  t  t  r  a t f r-
ati n ta n  r ng t  s st  as  n t  a s -
ng ng t  r  ; n fa t  t  g r st r n  g t 

fra ti n ara t r ng t  r n t s  a s n s 
sti r a t a r t s r s ting n a r a  n ng

- a s s  g  n ng an  s ng rf r an -
s ( g  3) ng t  a r f nat ra  art a s

 r g rg tati n n t  ntin s t sts s r n r  
A t an n r  ; n rs  f r t  sati  t sts  t  r g r-
g tati n s r n r   t an n r  A  r  n t  
t sts t  r n  s statisti a  ns gn ant t n t  
2 gr s

A  t  16 - a  r t t s t t  n  r -
r nts s  n t  ISO 58 0 Stan ar  t  n t r s 

f r g rg tati n an  OA ( g  5)  nstrating t r -
ti n ss  r  t  r nta  t sts rf r  n t s 

Fig. 6 - ar s n f t  - a  
r na  rf r an s ( OA 
 an  g rg tati n r g t) t  

t rat r  ata (33  3 ) f r tiss  
an  an a  art a s at t  
f ng sati   n ti n: 

art rat   0 n  s at  
ar a  t t  5 0 n  an a r-

ti  r ss r  100 g an  s st  
rati n  35

st  r  t at t  a s ng ng t  r  A s  r 
a r n t r s f OA an  an r ss r  r s  r a  
 t  t  r sti n ss f t  a ts   a s a r 
n ng

 r rf r an s s a   t  a s ng-
ng t  r  A s gg st t at  rs a ng r 

t an a 30  st r n  fra ti n s   s n f r - a  
an fa t r ng

  na  a r s a   t  2 gr s f 
- a s t st  n t s st  r  ar  ( g  6) t  

t rat r  ata f r r a  art a  r st s s a -
ng t  sa  tiss  ann s a t r ( A ) as - a s: 5 

an a  (33) an  5 g a  (3 )  t  OA an  r g r-
g tati n f an a  an  tiss  art a  r st s s ar  

ara  t  t  ata ta n  f r - a s  an -
a  art a s s  t  g st an t ta  r g rg tant -

 (rang ng fr  6 08  1 23  t  10 8  1 53 ) an  OA 
(fr  1 3  0 11 2 t  1 90  0 10 2)  tiss  a s 
s  t  st rf r an s n t r s f an r g rg tati n 
(fr  3 86  0 85  t  1 96  1 26 )   r s ts f t s -
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