
( 19 ) United States 
( 12 ) Patent Application Publication 

Schmitt et al . 

US 20180344174A9 
( 10 ) Pub . No . : US 2018 / 0344174 A9 
( 48 ) Pub . Date : Dec . 6 , 2018 

CORRECTED PUBLICATION 

( 54 ) LUMEN MORPHOLOGY AND VASCULAR 
RESISTANCE MEASUREMENTS DATA 
COLLECTION SYSTEMS , APPARATUS AND 
METHODS 

( 71 ) Applicants : Joseph M . Schmitt , Andover , MA 
( US ) ; Joel M . Friedman , Andover ( IS ) ; 
Christopher Petroff , Groton , MA ( US ) ; 
Amr Elbasiony , Chelmsford , MA ( US ) 

( 72 ) Inventors : Joseph M . Schmitt , Andover , MA 
( US ) ; Joel M . Friedman , Andover ( IS ) ; 
Christopher Petroff , Groton , MA ( US ) ; 
Amr Elbasiony , Chelmsford , MA ( US ) 

Related U . S . Application Data 
( 63 ) Continuation of application No . 12 / 888 , 347 , filed on 

Sep . 22 , 2010 , now Pat . No . 9 , 138 , 147 . 
( 60 ) Provisional application No . 61 / 334 , 834 , filed on May 

14 , 2010 , provisional application No . 61 / 244 , 992 , 
filed on Sep . 23 , 2009 . 

Publication Classification 
) Int . Cl . 

A61B 5 / 02 ( 2006 . 01 ) 
A61B 5 / 00 ( 2006 . 01 ) 

( 52 ) U . S . Cl . 
CPC . . . . . . . A61B 5 / 02007 ( 2013 . 01 ) ; A61B 5 / 0073 

( 2013 . 01 ) 
ABSTRACT 

A method and apparatus of automatically locating in an 
image of a blood vessel the lumen boundary at a position in 
the vessel and from that measuring the diameter of the 
vessel . From the diameter of the vessel and estimate blood 
flow rate , a number of clinically significant physiological 
parameters are then determine and various user displays of 
interest generated . One use of these images and parameters 
is to aid the clinician in the placement of a stent . The system , 
in one embodiment , uses these measurements to allow the 
clinician to simulate the placement of a stent and to deter 
mine the effect of the placement . In addition , from these 
patient parameters various patient treatments are then per 
formed . 

( 57 ) ( 73 ) Assignee : LightLab Imaging , Inc . , Westford , MA 
( US ) 

( 21 ) Appl . No . : 13 / 796 , 710 

( 22 ) Filed : Mar . 12 , 2013 
Prior Publication Data 

( 15 ) Correction of US 2014 / 0276011 A1 Sep . 18 , 2014 
See ( 63 ) and ( 60 ) Related U . S . Application Data . 

( 65 ) US 2014 / 0276011 A1 Sep . 18 , 2014 

WAKUULUVUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUUV WAKALALAKKULALAKUU 
DI 

RO 

COMOROW 

22 . 04 . 2424242424242421202020242424242 . 2024242424242424242424242424242424242120204 . 242222422024 _ 2121212 . 224 . 21224294044422029 - 4422 

DURDUR DURDURDUOD LUDO . . SADEL LA . . . . . 4 

20 whoooo 

povodovodovod 



* 

Patent Application Publication 

?????? 

???? 

???? 

? 

??????????????????????????? ???????? 
??? ? = 

36 

Dec . 6 , 2018 Sheet 1 of 24 

??? 

??????????????????????????????????????? 

???????????????????????????????????? 

?? 

??? 

?????? 

??? 

? 

? ? ? 

? ? ? ? 

? ? 

? 

wwwwwwwwwwwwwwwwwwwwwwwwww 
w 

www 

US 2018 / 0344174 A9 

DOOOOOOO 

be 

FIG . 1A 



Patent Application Publication Dec . 6 , 2018 Sheet 2 of 24 US 2018 / 0344174 A9 

GUIDE WIRE 

re WEST WWW 

INTERPOLATED GUIDE WIRE SHADOW 

FIG . 1B 



Patent Application Publication Dec . 6 , 2018 Sheet 3 of 24 US 2018 / 0344174 A9 

you 
wur 

INTERPOLATED MISSING 
CONTROL DATA 

FIG . 2 



Patent Application Publication Dec . 6 , 2018 Sheet 4 of 24 US 2018 / 0344174 A9 

W EBTOON 4 * W ENZ22 

SA 

FIG . 3 

2920 
000A 

MS 

FIG . 4 



Patent Application Publication Dec . 6 , 2018 Sheet 5 of 24 US 2018 / 0344174 A9 

PROXIMAL 
REFERENCE 

PLANE 3 

LUMEN 
PLANE DISTAL 

REFERENCE 
PLANE 

mist 
mind oppongoose FRAME : 1 

ANGLE : 30° 

HUCHOMUNISVOVOMODREMOVEO 

FIG . 5 



Patent Application Publication Dec . 6 , 2018 Sheet 6 of 24 US 2018 / 0344174 A9 

Create binary modian mask 

Build a list of weighted tissue regions 

- - NZ - - - - 

identify potential contours 

- - - - - - - - 

Reject discontinuities and select 
fongest contour 

* * WWXWEHIXXXEEEEEEEEEEEEEEEEEE 

Renove guide wire 

Fig . 6a 



FIG . 6B 

VINOSO 16 COO ovo 
t c 3o 3o 1ot sot 1 . Oct . c c 3 . 3 

COONSOOCOOOOOOOOOO 
* * a t + 1 + 1 1 1 1 2 1 > a « . . . . . . . . . 
C O24 . EE * * OI PRODU 

A1 
VYRYNA RY 

ty 

c . 1 
7 OY 
1 . 30 

# 3 Ocots 
. mt that * * * 

O O OY KONTORET obicei 
to * 1 1 Atte YA 

AVA 

Ooyo Yoy 
# 
3o 3o 4o 1 . 1 

. . . sadi . ¢ ? 
se > c > . 

soe . ac . co 
i > O 3O 

TO JOJO 808WYWYyyy overwegs 8 
NOVEL ARUVARA 

VAATEVA 
. 07 4ca1 CATHETER 11 ca 

* 3 . 1 edo o¢sociocrack 

< OEIo rore O < O 

E . O . O . O OOO Mur 
frost START 

TO SONO . ONOCORTOCOOOOOOO 
ac # 301 . 30 . 1odsadi acou 

WONOCOCCUSY 
UV VISIBILIT 

LUMEN 

US 2018 / 0344174 A9 Dec . 6 , 2018 Sheet 7 of 24 Patent Application Publication 



Patent Application Publication Dec . 6 , 2018 Sheet 8 of 24 US 2018 / 0344174 A9 

GUIDE WIRE 

WIERA 
1 

TV THEON TR 

Pt the HSE 

WICH AINH FA 

22 

BLOOD GUIDE WIRE 
ARTIFACT SHADOW FIG . 7B 

FIG . 7A 

START ht 
BACKGROUND 

FOREGROUND . . . ?Top 

BACKGROUND 
Wor 

FOREGROUND 

FIG . 8 Sooddogs 



Patent Application Publication Dec . 6 , 2018 Sheet 9 of 24 US 2018 / 0344174 A9 

Discontinuity 

BestLine 

DALMI 

Discontinuity 000 

Line - to - Line Cost 
Histogram 

5506464065560644066 * * * * * * * * * 

40006cousados como666666MOCIACAO 
* * * 

* * 

* 



Patent Application Publication Dec . 6 , 2018 Sheet 10 of 24 US 2018 / 0344174 A9 

. 

* * * * * * * * 

FITTED 
ELLIPSE truth 

FIG . 11A 

FIG . 11B 20 . 0 . 0 . 



Patent Application Publication Dec . 6 , 2018 Sheet 11 of 24 US 2018 / 0344174 A9 

FIG . 11C 

W 

STENT STRUT 
SHADOWS 

1113 DOCX LWARE 

BI 

BRANCHES GUIDEWIRE GUIDEWIRE 
FIG . 11D 



Patent Application Publication Dec . 6 , 2018 Sheet 12 of 24 US 2018 / 0344174 A9 

a 

X 
HE 

HISEN 

23 
* 

W 

W 

om 

Best 
KITA 

3 

SO A2 33 

: Basmai nanna 
FIG . 11E poona 

WWW ANN IS HISE 
* * 2000KS 

FITHUM 
0 

CZ WS WANA AVE We 
8 

* * * * 2 
W 

FIG . 12 



Patent Application Publication Dec . 6 , 2018 Sheet 13 of 24 US 2018 / 0344174 A9 

wa wwwwww Rs ( Q ) 

FIG . 13 

REGION 
www $ 320 ya UKO 200 window VW 

Du wir w ww w Op 

Wanna gopanowa pomocy roovy 
whache godnya . COVO wwwvojo 

OCT PULLBACK 
SEGMENT 

REMAINING EPICARDIAL 
LENGTH 

FIG . 14 



Patent Application Publication Dec . 6 , 2018 Sheet 14 of 24 US 2018 / 0344174 A9 

on 

NCHONEKANO MONTENGONO Oxong 
puno 

XONECNONNUNNING CONNONSERVATION NON 

FIG . 15 



Patent Application Publication Dec . 6 , 2018 Sheet 15 of 24 US 2018 / 0344174 A9 

N CHANOCHEN 

NOROCODACONNENANENOLONGANNOUNCAGNOLONON NOCHANOORINONDONNECNONOURONNENKO ANTONCORRENDONONCHO ANCONACHUONANOXENONOUNDACKOKONONNONKONNONCHONACHORRONO ANNOUNONONOMOROKORRANNO C O 
w 

ONDRONNE 

RUNNONCHANOKORENOVATONCURONONOKONCANNONDUCHO AND 
NONONORARDO 

FIG . 16 

ponnnnn 
. 0 . 0 . 0 . 0 . C . C . C . C . . . 

CONDO 
. . . . 

RO < ?JE 
CO6 . nato dioca 

* 1 * . 3 M 
wwwroom nnnnnnnnn So 

O 

WA nam wano dodo 
nununun 

MAL PROXIMAL 
REFERENCE 

MLA DISTAL POSITION 10 REFERENCE 

FIG . 17 



Patent Application Publication Dec . 6 , 2018 Sheet 16 of 24 US 2018 / 0344174 A9 

DOWWWWWW KIDOGO wwwwwwwwwwww nt inco DKK u odpor 
VY 

. 
P 

DO orowing Who PROXIMAL 
REFERENCE 

DISTAL 
REFERENCE 

FIG . 18 

W ON 
NE 

MNR RON 

EL 

370 WE W ESEN 

92 27 XXN 

28 TE 

???????? , ????? : 
! ! HE 

FIG . 19A 



Patent Application Publication Dec . 6 , 2018 Sheet 17 of 24 US 2018 / 0344174 A9 

FALS homme 

WS 
2X 

rom 

Our 

RY . WARZ BRON HH SER 

STE 

FIG . 19B 

WWW 

E 
XE 

lt 42 

wa WA A 

2 

rii 
20 

XX 
BIERA a ntit SIN 

XINH 
HENRY VIRAL KM 

Blake WAS 5 

RE 

FIG . 20 



Patent Application Publication Dec . 6 , 2018 Sheet 18 of 24 US 2018 / 0344174 A9 

READ INTRAVASCULAR IMAGE DATA 
YTYY 

SEGMENT LUMEN OF UNSTENTED 
VESSEL AND CREATE ARRAYS OF AREA 

AND DIAMETER VALUES FOR EACH 
CROSS SECTION ALONG VESSEL LENGTH 

DO 

SET Ls = Lfixed 
USER INPUTS 
DESIRED STENT 
LENGTH , Lfixed wwwuuuuuuuu 

WRRRRRRARA INITIALIZE STENT DIAMETER , m = 0 ; 
D ( 1 ) - Dmin AND VRR TARGET VALUE , 

VRRopt = 0 . 
MEN SAMMANAMAN 

?????????????????????????????????????????????????????????????????????????????????? 

SARRERA INITIALIZE LONGITUDINAL STENT 
POSITION : 10 ; X ( 1 ) - 0 . 

UUUUU 
mm wwwwwwwwwwwwww wwwwwwwww mm . mm 

ARRARA 
SYNTHESIZE STENTED LUMEN PROFILE 
AND CREATE ARRAYS OF AREA AND 
DIAMETER VALUES FOR EACH CROSS 
SECTION ALONG VESSEL LENGTH 

3333333333333333333333333333333333333333333333333333333333 

CALCULATE VRR ( m , n ) AND MAX 
MALAPPOSITION DISTANCE , Elm , n ) 

Ann wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwy en wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww Xopt = x ( m ) 
VRR ( m , n ) Doot = D ( n ) VRRO AND ( m , n ) Sad VRROO - VRR ( m , n ) 

Emax re cebe 
NOIN = 1 + 1 

INCREMENT LONGITUDINAL x ( n + 1 ) = n Xstep STENT POSITION WWWW 

W NO 3 ( n + 1 ) > L - 1 
YESIm = m + 1 

D ( m + 1 ) = m Dstep " INCREMENT STENT DIAMETER SUBURBS 

NO 0 ( m + 1 ) > Dmax > 

90909 

CONEY OPTIMUM STENT DIAMETER = DADE 
Door WITH PROXIMAL EDGE AT XXoot 

FIG . 21 



Patent Application Publication Dec . 6 , 2018 Sheet 19 of 24 US 2018 / 0344174 A9 

READ INTRAVASCULAR IMAGE DATA 

1 . 1 . 1 - 11111111111 11111 SEGMENT LUMEN OF UNSTENTED 
VESSEL AND CREATE ARRAYS OF AREA 
AND DIAMETER VALUES FOR EACH 

CROSS SECTION ALONG VESSEL LENGTH 
WWWYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYYY Y YYYYYYYYYYYYYYYYYYYYYYY 
1 . 1 . 1 

. 1 . 

1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 

CREATE LOOK - UP TABLE S = { L $ 0 ) ; DO ) ; x ( k ) ] 
THAT COVERS THE AVAILABLE RANGES 
OF STENT LENGTHS , DIAMETERS , 

AND POSITIONS . 

. 1 . 

1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 

. 11 

RIIULULLU 
STORE 3D ARRAYS OF VASCULAR 
RESISTANCE RATIO VALUES , 

VRR { LSO ) ; DO ) ; x ( k ) ) , AND MAXIMUM 
MALAPPOSITION VALUES , EL ( 0 ) ; D ( ) ; x ( k ) , 

CALCULATED FOR STENTED LUMEN 
PROFILES SYNTHESIZED FOR EACH 
ELEMENT OF THE LOOK - UP TABLE . 

FI vel 
44 . 1 . 1 . 

. 1 . 1111 

W . 00 W 0000000000 WWWWWW 

VAN 
USER INPUTS TARGET 
VASCULAR RESISTANCE 
RATIO , VRRmax 

wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww 

221111111111111111111111111 FIND SUBSET OF TABLE ENTRIES SÉS 
THAT SATISFIES THE CONDITIONS 

S1 = { S | VRR { L ( 0 ) ; DO ) ; x ( k ) } < VRRmax 
( L50 , DC ) : x ( ) ] 5 Emax DOS Dmax ] * . 

??????????????????????????????????????????????????????????????? ?????????????????????????????????????? ?? 

1 . 1 . 1 . 1 . 1 . 1 

. 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 . 1 

FIND NEW SUBSET S , ES WITHIN 
WHICH THE STENT LENGTH IS MINIMUM , 

S2 = { S1 Ls = min { L30 ) } } 
XARA 

. 1 . 1 . 1 . 1 . 1 . 1 . 1 . 

11 . 

11 . 

1111111111111111111111 
FIND TABLE ENTRY WITHIN S , AT WHICH 

THE STENT DIAMETER IS MINIMUM 
( Ls ( m ) ; DOm ) ; x ( km ) ) = { S2 | D = min { D0 } } } 

A 

12 

STENT LENGTH = L ( im ) 
STENT DIAMETER = Dim ) 
STENT POSITION = X ( km ) 

FIG . 22 



Patent Application Publication Dec . 6 , 2018 Sheet 20 of 24 US 2018 / 0344174 A9 

w STENT DIA = 2 mm , LNGTH = 8mm , CNTR POS = 21 . 3 mm , Qun = 2 . 2 m / s 
DP = 21 . 2 mmHg VRR = 0 . 34 

w WWWWWWWWW WWW www mm . 

my 
SODODDouwwowwSBERG SONU www . 

STA Sud WATE 
Wowww 

1 + 

swwwwww 
5 10 15 1 + 1 + 1 + 1 + 1 + 1 + 1 + 1 + 1 + 1 + + + + + + + + + + + + 30 35 20 25 

STENT 
EXTENT UNSTENTED KAKAVVVVVVVVUKAKSE W + + + + + + + + + + + + + + + + + + + + + + + + 

TOTAL PRESSURE 
o onopodo0000000 

VRR CHANGE 
+ 

STENTED WARNA 
DISTANCE 

FIG . 23 



Patent Application Publication Dec . 6 , 2018 Sheet 21 of 24 US 2018 / 0344174 A9 

Py = 10 mm Hg 
BRANCHN 

wwww 

BRANCH 2 BRANCH 1 BRANCH 
DISTAL 

Roista EFEK mom 
mmmmmmmp - 90 mm Hg 

WWW464544642564 : 54 : 
UREKK 
?????????????????????? 

M otor YKKUR R42 Ro - N RO 

FIG . 24 pood 



RESIDUAL STENT MALAPPOSITION 
STENT DIA = 3 . 25 mm , LNGTH = 24 mm , 

CNTR POS = 14 . 4 , Qun * 4 . 4 m / s 

Patent Application Publication 

CX 

STENT DIA = 3 . 25 mm , LNGTH = 8 mm , CNTR POS - 18 . 2 

OLAP = 19 . 3 mmHg VRR = 0 . 24 

wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww 

w 

ywane 

AP = 19 . 3 mmHg 

VRR = 0 . 24 

LUORADOR 

w 
- - - 

w 

EEWWWww 

EEEEEEE 

wan 

LES 

ELTETTE 

MA 

. 

uuu 
11 

w 

1 

wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww 

- - - 

w 
UNE 

enn 

NUVVU 
ELEEEEEEEEEEE wer 

- - 

www 
TREES 

- - - - - - 

ELEEEEEEEEEEEEEE 
mwin 

- - - - - 
IIITTEET 
ur : 

- - - 

ETITIERDZEETETTINI 
wwwww 

T2ELETTEL 
www ENE 

Soosa Saragosa Raras possesses OORRRRRRAPOOSSARARRADOS 

ANTA 

AAR 

www 
SILTIERE 

??????????????? 
www 

. 

IEEE IME 

wwwww 
INDULI 

????????????????? 

KEEEEEE 

www IESEE 
www 

MANNON KEELEEEEEEEEE 

wwwww 
SLEEVE 
Www 

www LEEEEEEEEEEE 

ANN 
wwwww 

MAAANAA 
mwen 

L112 * 1222111 1122 

www 

???????????????? 

ANNE 
IIUI 

ELLEREEEEEEEEE 
NNN 

www 

www 
www 
TEILE 

EEEEEE 
ERETTER 

MDR 

w wwwwwand 

wwwwww 

??? 

- 24 

ts 

NO 

Jobcoud . cocoVOUCOVI 

M 

- 

4 

5 

10 

15 

20 

25 

10 15 20 21 Qstented = 5 . 7 m / s 
AP = 0 . 8 mmHg VRR = 0 . 01 

?????????????????????????????????????? 
Qstented 

VRR = 0 . 08 ??????????????????????????????????????????????????????????????????????????? 
????????????????? 
LUUSULULZ 
LLLLLLLLLLLS 

momento 
no 

AP = 6 . 7 mmHg 

TODOC . 000 . 000 

Dec . 6 , 2018 Sheet 22 of 24 

apa 

minerinin 

DIAMETER 
Wwwwwwwwwwwwwwwwwwwwwwwwwww 

WOONWwwwww 

r21 

manne 
enonna 

D 

w 

w ww 

wwwwwwwwwwwwwwwwww 

ons 

outlet 

Jannien 

www 

5 10 15 20 25 

LONGITUDINAL DISTANCE ( PROX - > DIST 

5 10 15 20 25 

LONGITUDINAL DISTANCE ( PROX - > DIST 

3 

STENT LENGTH - 8 

STENT LENGTH = 24 

ww 

FIG . 25 

US 2018 / 0344174 A9 



STENT DIA - 2 mm . LNGTH - 8 mm . CNTR POS = 21 . 3 

AP = 21 . 2 mmHg VRR = 0 . 34 

Patent Application Publication 

m 

www 

wwwnnnnnnn 
STENT DIA = 2 . 75 mm , LNGTH = 24 mm , CNTR POS - 21 . 4 

AP = 21 . 2 mmHg VRR = 0 . 34 nominatutututuhumilitation 

wwwwwww 

wwwww 

www 

www . body 

w 

wwgood 

ana 

Com 
00000000 . cc . . 

berdinand MBWI 

w 

w 

ANS 

ws 

IEET 

SEED www 

wy 

* * * * um * 

SERE ' S 
www 

* * 
www 

MWAN 

EVENTI 

w 

www 

< EZEK 

Tuw 

w 

wwwand 

2 

Dwwwwwwwwwwwwwwwan 
g 

ap 

wwwwwwwwwww 

w 

w 

Emman 

Subway 

wwwwwwwww 

Suwwwwwwwwwww 

5 

10 

25 

30 

35 

4 

5 

10 

15 

20 

25 

30 

15 20 Qalented 

Qslented 

KARAMAN 

wanne 
w 

hwnnnnnnnnnnnnnnnnnnnnnnnnnnnn 

wan 

wwwwwwwwwwwwwwwwwwwwwwwwwwwwwww 

VRR 

0 . 05 

AP = 1 . 3 mmHg 

VRR = 0 . 02 

wwwwwwwwwww 

wi 

www . B 

wondou 

WWW 

www 

Goooow Woowwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwur 
DIAMETER 

DIAMETER 

Dec . 6 , 2018 Sheet 23 of 24 

min 

ood 

RE 

WWWWWWWW 

W . 1122D 

w 

T 

ww 

. 

U 

LLULUUUUUUUUUUUU . . . 
. . 

. . 

. . 

. . 

. . . 

. . 

. . . . . 

. . 

. . . 

. . . . . . . 

. . . 

. . . . 

4 

35 

4 

5 10 15 20 25 30 

LONGITUDINAL DISTANCE ( PROX - > DIST 
VRRmax 50 . 05 

10 15 20 25 30 
LONGITUDINAL DISTANCE ( PROX - > DIST 

VRRmax 50 . 02 

FIG . 26 Cos 

US 2018 / 0344174 A9 



LOCATION AND DEGREE OF MALAPPOSITION APPEAR AS HATCHED VOLUMES 
4 

Cumbuk 

. 

Patent Application Publication 

w 

KS 

KWA 

HAWWWWWW 

HA 

HARI 

97 

* * 

SA 

WE 

S 

ed 

00242 

1 

OS 

SA 

C 

PAN 

Dec . 6 , 2018 Sheet 24 of 24 

. 

117 

103 

WER 

20 

12 VWA . 

WS ASSES 

M 

w 

Ha 

Best 

l loooo SARASWAT 

VES 
IN 

MO 

3 . 

WON 

iitto 

2020 

88 mm 200m 

magni 

esdobboobscudo 

IN 
WS 

2022 

Wallet 

tutti 

i 

12 

tnit test ? 

: 

7 Otcat . . . 

FIG . 27 

70st 

oooy 

39 Few 

meee . . . . 

20 View 
2 

Laser there 

Setup . . . Status . 

Shuden . . . 

* 

Screen 

US 2018 / 0344174 A9 



US 2018 / 0344174 A9 Dec . 6 , 2018 

LUMEN MORPHOLOGY AND VASCULAR 
RESISTANCE MEASUREMENTS DATA 

COLLECTION SYSTEMS , APPARATUS AND 
METHODS 

RELATED APPLICATIONS 
[ 0001 ] This application claims priority to provisional 
application U . S . Ser . No . 61 / 224 , 992 filed Sep . 23 , 2009 and 
provisional application U . S . Ser . No . 61 / 334 , 834 filed May 
14 , 2010 , the disclosures of which are herein incorporated 
by reference in their entirety . 

FIELD OF INVENTION 

[ 0002 ] This invention relates generally to the field of 
optical coherence tomographic imaging and more specifi 
cally to optical coherence techniques for diagnosing and 
treating vascular stenoses . 

BACKGROUND OF THE INVENTION 
[ 0003 ] Coronary artery disease is one of the leading causes 
of death worldwide . The ability to better diagnose , monitor , 
and treat coronary artery diseases can be of life saving 
importance . Intravascular optical coherence tomography 
( OCT ) is a catheter - based imaging modality that employs 
safe , non - ionizing near - infrared light to peer into coronary 
artery walls and present images valuable for the study of the 
vascular wall architecture . Utilizing broad - band coherent 
light , interferometry , and micro - optics , OCT can provide 
video - rate in - vivo tomography within a diseased vessel with 
resolution down to the micrometer level . This level of detail 
enables OCT to diagnose as a well as monitor the progres 
sion of coronary artery disease . 
[ 0004 ) The quantitative assessment of vascular pathology 
and its progression involves the calculation of different 
quanititative measures such as the vessel cross - sectional 
area , mean diameter , and blood flow resistance , all of which 
rely on the accurate identification of the luminal border . 
While the luminal border in OCT images is clearly identi 
fiable by the human eye , it is tedious , expensive , and time 
consuming to manually trace the luminal border . Thus there 
is a need for a reliable technique that can automatically 
identify the luminal border . 
[ 0005 ] OCT produces images that are higher in resolution 
and contrast compared to those of intravascular ultrasound 
( IVUS ) . As opposed to IVUS which images through blood , 
OCT images are typically acquired with blood cleared from 
the view of the optical probe . This is one reason the luminal 
border in OCT images is sharper and more defined compared 
to that in IVUS images . 
[ 0006 ] Cross - sectional diameter and area measurements 
provide interventional cardiologists with useful guidance for 
stent sizing and placement . However , the relationship of 
these geometric measurements to clinically relevant vari 
ables , such as ability of the artery to supply an adequate flow 
of blood to the myocardium when metabolic demands are 
high , is not well understood . In early studies , the percent 
stenosis of an individual coronary lesion measured by 
angiography was found to be a relatively poor predictor of 
the physiological significance of the lesion . In contrast , 
several later studies demonstrated that lumen measurements 
made by quantitative coronary angiography ( QCA ) and 
IVUS correlate closely with physiologic measurements of 
coronary obstruction , including coronary flow reserve 

( CFR ) and fractional flow reserve ( FFR ) . For example , 
several studies found a high correlation between area steno 
sis , measured by QCA , and CFR measured by a Doppler 
flow wire . It appears that the standard angiographic ( and 
IVUS ) measures of lesion severity — the minimum lumen 
area ( MLA ) , percentage stenosis , and lesion length — do 
indeed convey physiologically relevant information . How 
ever , the value of any single geometrical measure as an 
independent predicator of the physiological significance of a 
lesion in a wide patient population is not clear . 
[ 0007 ] Several factors contribute to the limitation of stan 
dard angiography and IVUS lumen measurements for 
assessment of the physiological significance of coronary 
stenoses . First , the accuracy and reproducibility with which 
cross - sectional areas can be measured with angiography , 
which generally has a spatial resolution of 0 . 2 - 0 . 4 mm , are 
relatively low . The angle of the X - ray projection , in addition 
to the shadowing effect of lesions with irregular contours , 
can increase errors significantly beyond the theoretical mini 
mums . Even state - of - the - art IVUS imaging systems , which 
have resolutions of approximately 0 . 15 mm in the axial 
dimension and 0 . 3 mm in the angular dimensions , cannot 
accurately measure the cross - sectional areas of small eccen 
tric lesions or lesions with irregular borders . 
[ 0008 ] Second , the hemodynamic effects of a lesion 
depend on local variations of its cross - sectional area inte 
grated over the entire length of a lesion . Therefore , the 
minimum cross - sectional area alone is insufficient to char 
acterize the pressure drop across a lesion at a given flow rate , 
especially in patients with diffuse coronary disease . 
[ 0009 ] Third , when assessing the physiological signifi 
cance of a lesion and the potential value of revascularization , 
it is important to know the relative areas of the reference and 
stenotic segments , in addition to the absolute value of the 
minimum lumen area . No single geometrical measure in 
clinical use today conveys information about both percent 
stenosis and MLA . 
[ 0010 ] Fourth , the flow resistance or pressure drop caused 
by an incremental segment of a lesion depends on its shape 
as well as its cross - sectional area and length . Especially at 
high blood flow rates , the eccentricity and local slope of the 
walls of the artery can influence the effective resistance of a 
lesion , because losses due to flow separation and turbulence 
depend on local flow velocity . 
[ 0011 ] Finally , in certain patients , the flow reserve of the 
myocardium supplied by the vessel can be low , due to 
microvascular disease , flow through collateral branches , or 
capillary shunts within infracted myocardium . Therefore , 
even if the vascular resistance of a lesson in the vessel is 
high , revascularization may be contraindicated , because the 
pressure drop across the lesion may be clinically insignifi 
cant . 
[ 0012 ] Intravascular OCT imaging , applied in combina 
tion with new clinical parameters based on advanced analy 
sis of lesion morphology , has the potential to overcome 
many of the limitations of conventional measures of lesion 
severity based on angiography and IVUS . The high resolu 
tion of OCT enables accurate measurement of the shape and 
dimensions of the vessel lumen over the length of the lesion 
and its adjacent reference segments . Furthermore , advanced 
models of flow dynamics enable the physiological signifi 
cance of lesions to be estimated under both normal and 
hyperemic conditions . It should be realized , however , that 
the clinical value of quantitative lesion morphology mea 
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surements — even when accurate — may be limited by physi - 
ological conditions in certain patients . Finally , high - fre 
quency OCT imaging has the advantage that it can precisely 
delineate three - dimensional contours of long segments of 
coronary arteries in a few seconds to assist cardiologists in 
their real - time diagnosis and treatment during PCI proce 
dures . 
[ 0013 ] In spite of advances intravascular imagining , car 
diologists frequently do not take full advantage of the 
capabilities of OCT and IVUS for planning and evaluating 
stent deployment , because the measurements currently 
derived from the images provide insufficient information to 
predict the effectiveness of treatment . For example , many 
cardiologists rely on minimum lumen area ( MLA ) as a key 
variable in their stenting decisions . If MLA measurements 
are sufficiently low , the cardiologist may decide to implant 
a stent . Based on the diameters and locations of reference 
vessel segments , the cardiologist must then choose the 
proper position , length , and diameter of the stent . The wrong 
choice of the size or location of the stent may lead to the 
failure to restore blood flow and may even potentially 
serious clinical complications , such as stent migration , stent 
thrombosis , or dissection of the vessel wall . There is a need 
for new methods for optimization of stent sizing and posi 
tioning based on measurements derived from intravascular 
images . To achieve maximum clinical benefit , these new 
methods should enable cardiologists to predict the potential 
physiological consequences of implanting stents of different 
diameters and lengths in different locations . 
[ 0014 ] The present invention addresses these needs . 

SUMMARY OF THE INVENTION 
[ 0015 ] . In one aspect , the invention relates to an automated 
computer - based method of evaluating a region of a lumen . 
The method comprises the steps of collecting a set of data 
regarding a vessel segment of length L using an optical 
coherence tomography system , the set comprising a plurality 
of cross - sectional areas at a plurality of positions along the 
length ; determining a vascular resistance ratio ( VRR ) using 
a processor and at least a portion of the set of data ; and 
determining a characteristic of at least a portion of the region 
disposed along the length L in relations to the vascular 
resistance ratio . 
[ 0016 ] In one embodiment , the method is applied to the 
region that contains a stenotic lesion . In another embodi 
ment , the method further comprises the step of displaying at 
least one numerical or graphical measure of stent length 
used to treat the stenotic lesions . In yet another embodiment , 
the step of determining the vascular resistance ratio is 
performed using a lumped resistor model . 
[ 0017 ] . In another aspect , the invention relates to a method 
for automatically identifying the luminal border in an in - situ 
OCT vascular image . In one embodiment , the method 
includes comprises the steps of generating a mask of the 
OCT lumen image using a computer , defining a plurality of 
scan lines in the mask ; identifying a region as tissue on each 
scan line ; defining contour segments in response to the 
plurality of scan lines and the region of tissue on each scan 
line ; identifying valid neighboring contour segments ; inter 
polating missing contour data between valid neighboring 
contour segments ; assessing the likely correctness of the 
computed contour and indicating to the used on which image 
frames the computed contour may require manual adjust 
ment . 

[ 0018 ] In one embodiment , the method includes the step 
of detecting and removing guide wire and similar artifacts . 
In another embodiment , the identification of a tissue region 
includes the steps of finding a plurality of start / stop pairs on 
each scan line ; calculating thickness and gap of each said 
start / stop pair ; calculating a weight based on said thickness 
and said gap ; and defining the tissue region based on the 
largest weight of tissue and gap . In another embodiment , the 
step of defining connected contour includes finding the scan 
line with the largest weight ; searching for discontinuities in 
both directions from the scan line to define a valid segment ; 
and identifying the root of the contour as the longest of the 
valid segments . In still yet another embodiment , the step of 
identifying valid neighboring contour includes finding the 
nearest clockwise and counter - clockwise neighbors of each 
of the contour segments that pass angular , radial , and 
Euclidean distance thresholds . 
[ 0019 ] In another embodiment , the step of detection and 
removal of guide wire shadow artifact comprises the steps of 
clearing an image binary mask by fitting an ellipse to the 
foreground data of the mask and blanking the area inside 
ellipse ; building an intensity profile using the clear mask ; 
identifying the guide wire shadow region in the intensity 
profile ; detecting a guide wire offset within the shadow 
region ; collecting the midpoint of detect guide wires on all 
frames ; building a minimum spanning tree using the col 
lected midpoints ; and pruning the resulting minimum span 
ning tree to remove outliers resulting from non - guide wire 
shadows . In another embodiment , the step of interpolating 
missing data includes the steps of identifying required 
interpolation control points with valid contour data on both 
ends of the missing contour segment ; and using the control 
points to interpolate the missing contour segment . In still yet 
another embodiment , the steps are performed on all missing 
contour segments that need to be interpolated . In yet another 
embodiment , the step of searching for discontinuities com 
prises the steps of calculating a scan line - to - scan line offset 
change histogram ; smoothing said histogram ; identifying 
the smallest change with zero count from the histogram ; and 
using the smallest change as a continuity measure . 
[ 0020 ] In another embodiment , the step of evaluating the 
correctness of the computed contour comprises the steps of 
computing an “ Error Measure ” by fitting an ellipse to the 
computed contour ; computing the root mean square error 
between the computed contour and the fitted ellipse ; nor 
malizing the root mean square error to the average diameter 
of the ellipse ; and multiplying the normalized root mean 
square error by the ratio of the number of scan lines where 
the lumen was successfully detected to the total number of 
scan lines in the image frames . In another embodiment , the 
resulting Error Measure parameter is compared to a thresh 
old and , for image frames where the threshold is exceeded , 
the user is notified that manual contour correction may be 
required . In yet another embodiment , the notification can 
take the form of " alert frames ” drawn on a longitudinal 
display of the images of the pullback region . 
[ 0021 ] In another aspect the invention relates to an auto 
mated method for quantifying a vascular resistance includ 
ing the steps of selecting proximal and distal frames of an 
OCT image ; calculating actual vascular resistance of the 
vascular segment enclosed by said proximal and the distal 
frames ; calculating a total vascular resistance of the vascular 
segment ; and calculating vascular resistance ratio using the 
actual vascular resistance and said total vascular resistance . 
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In one embodiment , the step of calculating actual vascular 
resistance comprises the steps of extracting luminal contours 
of all frames enclosed by the proximal and the distal frames 
inclusive ; calculating cross - sectional areas from the 
extracted contours ; constructing a smooth area graph ; and 
using the smooth area graph in the actual vascular resistance 
calculation . In another embodiment , the step of calculating 
the total vascular resistance comprises the steps of : fitting a 
shape between said proximal and said distal frames ; and 
calculating cross - sectional areas of the shape of all frame 
positions enclosed by the proximal and the distal frames 
inclusive . In yet another embodiment , the step of construct 
ing a smooth area graph includes the steps of constructing a 
graph using the cross - sectional areas ; interpolating missing 
area values on the graph ; and smoothing the resulting graph . 
In still yet another embodiment , vascular resistance is cal 
culated by computational fluid dynamics from the detected 
three - dimensional luminal border between the proximal and 
distal planes . 
[ 0022 ] Another aspect of the invention is a method of 
placing a stent including the steps of : ( a ) measuring the 
parameters in the region of interest in an OCT image of a 
vessel ; ( b ) simulating the placement of the stent in the region 
of interest ; ( c ) recalculating the parameters in the region of 
interest ; and repeating Steps b and c until the desired result 
is obtained . 

BRIEF DESCRIPTION OF DRAWINGS 
[ 0023 ] The invention is pointed out with particularity in 
the appended claims . The advantages of the invention 
described above , together with further advantages , may be 
better understood by referring to the following description 
taken in conjunction with the accompanying drawings . In 
the drawings , like reference characters generally refer to the 
same parts throughout the different views . The drawings are 
not necessarily to scale , emphasis instead generally being 
place upon illustrating the principles of the invention . 
[ 0024 ] FIG . 1A is a generalized schematic of an OCT data 
collection system having an imaging probe disposed in a 
vessel of interest ; 
[ 0025 ] FIG . 1B is an example of a sample detected contour 
interpolated according to an illustrative embodiment of the 
invention ; 
[ 0026 ] FIG . 2 is an example of a sample detected contour 
with guide wire and side branch missing data interpolated 
according to an illustrative embodiment of the invention ; 
[ 0027 ] FIG . 3 is an example of a sample area graph after 
smoothing according to an illustrative embodiment of the 
invention ; 
[ 0028 ] FIG . 4 is an example of an alternative display in 
which the mean cross - sectional diameters and “ Alert Frame ” 
feedback are shown in a separate panel above the OCT 
L - mode image according to an illustrative embodiment of 
the invention ; 
[ 0029 ] FIG . 5 is an example of a 3D display of the shape 
of the lumen of a vessel reconstructed from an OCT image 
in which lumen contours were traced automatically accord 
ing to an illustrative embodiment of the invention ; 
[ 0030 ] FIG . 6a is a flow chart of an embodiment of the 
method to detect the shape of the lumen of the vessel OCT 
image according to an illustrative embodiment of the inven 

[ 0031 ] FIG . 6b is a diagram of start / stop pairs on scan 
lines according to an illustrative embodiment of the inven 
tion ; 
[ 0032 ] FIGS . 7a and b are samples of an OCT image and 
its resulting median mask , respectively , according to an 
illustrative embodiment of the invention ; 
[ 0033 ] FIG . 8 is a diagram of a scan line with multiple 
start / stop pairs according to an illustrative embodiment of 
the invention ; 
[ 0034 ] FIG . 9 is a diagram of a discontinuity search 
according to an illustrative embodiment of the invention ; 
[ 0035 ] FIG . 10 is a histogram depicting a line - to - line 
change according to an illustrative embodiment of the 
invention ; 
10036 ] FIG . 11a is a sample of a median mask before 
clearing according to an illustrative embodiment of the 
invention ; 
[ 0037 ) FIG . 11b is a sample of a median mask before 
clearing according to an illustrative embodiment of the 
invention ; 
[ 0038 ] FIG . 11c is a sample image of intensity profile 
according to an illustrative embodiment of the invention ; 
[ 0039 ] FIG . 11d is a sample image of a minimum spanning 
tree before pruning according to an illustrative embodiment 
of the invention ; 
[ 0040 ] FIG . 11e is a sample image of a minimum spanning 
tree after pruning according to an illustrative embodiment of 
the invention ; 
[ 0041 ] FIG . 12 is an example of a sample area graph 
without smoothing according to an illustrative embodiment 
of the invention ; 
[ 0042 ] FIG . 13 is a lumped parameter model of the blood 
flow resistances in a portion of a coronary artery ; 
[ 0043 ] FIG . 14 is an exemplary model geometry for cal 
culation of VRR according to an embodiment of the inven 
tion ; 
10044 ] FIG . 15 is an example of cylindrically symmetric 
computational flow geometry on which a second embodi 
ment of the invention is based ; 
[ 0045 ] FIG . 16 is an example of a full 3D computational 
flow geometry on which a third embodiment of the invention 
is based ; 
100461 . FIG . 17 is an example of a 3D display in which the 
contiguous length of an artery that encompasses a fixed 
fraction of the total resistance between user - adjustable 
proximal and distal reference planes is highlighted ; 
[ 0047 ] FIG . 18 is an example of a 3D display in which all 
incremental segments of an artery that encompasses a fixed 
fraction of the total resistance between user - adjustable 
proximal and distal reference planes is highlighted ; 
[ 0048 ] FIGS . 19a and 19b are examples of embodiments 
of a longitudinal display of the mean diameter of a coronary 
artery in which the arterial branches are shown as rectan 
gular protrusions with widths proportional to the diameters 
of the ostia of the branches and as circular regions with 
diameters proportional to the diameters of the ostia of the 
branches , respectively ; 
[ 0049 ] FIG . 20 is an example of an embodiment of a 
longitudinal display of the mean diameter of a coronary 
artery that includes the profile of a superimposed stent ; 
[ 0050 ] FIG . 21 is a flow diagram of an embodiment of is 
method for stent diameter and position optimization based 
on a user - selected stent length ; tion ; 
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10051 ] FIG . 22 is a flow diagram of an embodiment of a 
method for stent diameter , length , and position optimization 
based on a user - selected maximum value of the post - stent 
VRR ; 
[ 0052 ] FIG . 23 is an example of a total pressure versus 
distance graph as produced by a calculation method using 
fluid dynamics according to an illustrative embodiment of 
the invention ; 
[ 0053 ] FIG . 24 depicts a schematic diagram of an equiva 
lent resistor network of the pressure drops through the artery 
according to an illustrative embodiment of the invention ; 
[ 0054 ] FIGS . 25a and 25b are examples showing the pre 
and ( predicted ) post - stented mean - diameter lumen profiles , 
respectively , resulting from optimization according to one 
embodiment of the invention ; and 
[ 0055 ] FIGS . 26a and 26b are examples showing the pre 
and ( predicted ) post - stented mean - diameter lumen profiles , 
respectively , resulting from optimization according to 
another embodiment of the invention ; and 
[ 0056 ] FIG . 27 is a software - based user interface showing 
a longitudinal OCT image in the bottom , a cross - sectional 
view on the right , and the degree of stent malapposition in 
three dimensions in the top according to an illustrative 
embodiment of the invention . 

DETAILED DESCRIPTION OF THE 
INVENTION 

[ 0057 ] FIG . 1a is a high level schematic diagram depicting 
components of an OCT system 10 constructed in accordance 
with the invention . FIG . 1a is highly generalized and not to 
scale . A vessel of interest 20 defining a lumen having a wall 
21 is imaged using catheter 25 having a catheter portion 
having an optical fiber - based imaging probe 30 disposed 
therein . The catheter 25 includes a flushing subsystem 
having flush ports 32 . The flushing system can be of any 
suitable type or variety that displaces a sufficient amount of 
blood such that in vivo OCT data collection can proceed 
using the probe 30 . The system 10 includes an OCT system 
or subsystem 36 that connects to the imaging probe 30 via 
an optical fiber . The OCT system or subsystem 36 can 
includes a light source such as a laser , an interferometer , 
various optical paths , a clock generator , photodiodes , and 
other OCT system components . 
[ 0058 ] In one embodiment a computer or processor is part 
of the OCT system 36 or is included as a separate subsystem 
40 in electrical communication with the OCT system 36 . 
The computer or processor 40 includes memory , storage , 
buses and other components suitable for processing data for 
lumen detection and pull back data collection as discussed 
below . In one embodiment , the computer or processor 
includes software implementations or programs 41 of the 
methods described herein that are stored in memory and 
execute using a processor . A display 42 is part of the overall 
system 10 for showing cross - sectional scan data as longi 
tudinal scans or in other suitable formats . 
[ 0059 ] In brief overview , the present invention provides a 
method and apparatus of automatically locating a lumen 
boundary at a position in a vessel of interest ( using an OCT 
image or the underlying data ) and from that measuring the 
diameter of the vessel . From the diameter of the vessel and 
calculated blood flow rate a number of clinically significant 
physiological parameters are then determined and various 
images of interest generated . One use of these images and 
parameters is to aid the clinician in the placement of a stent . 

The system , in one embodiment , uses these measurements to 
allow the clinician to simulate the placement of a stent and 
determine the effect of the placement . In addition , from these 
patient parameters various patient treatments are then per 
formed . 
[ 0060 ] As a first step , the system determines the lumen 
boundary . Generally , data taken by an OCT system is used 
with the methods described herein to recognize and avoid 
residual blood , guide wire reflections , and other structures 
that may appear to be part of the vessel wall . Interpolation 
of a continuous boundary is accomplished by imposing 
continuity of the inner surface of the vessel across neigh 
boring frames . FIGS . 1 and 2 show examples of lumen 
contours drawn automatically by the software based meth 
ods on two frames of a frequency domain OCT ( FD - OCT ) 
image sequence . To help the user identify stenotic and 
normal vessel segments , in one embodiment the software 
shows the cross - sectional areas calculated automatically for 
all frames in a sequence as a graph superimposed on the 
longitudinal ( L ) - mode image ( FIG . 3 ) . The lines 10 , 10 ' 
indicate the position of the user - selected proximal and distal 
reference frames . An alternative embodiment of the display 
shows the mean diameter values profile in a separate panel 
above the L - mode display ( FIG . 3 ) . FIG . 4 shows an 
alternative display in which the mean cross - sectional diam 
eters and a “ Alert Frame ” feedback are shown in a separate 
panel above the OCT L - mode . The alert frame , labeled AF 
indicated a frame where the system believes human inter 
vention is required to verify the values shown . 
[ 0061 ] The mean diameter of each cross - section is calcu 
lated either as the diameter of a circle with an area equal to 
that of the cross - section or as the mean of the chord lengths 
at all angles drawn through the centroid of the lumen 
cross - section . In one embodiment , the minimum lumen area 
( MLA ) , proximal and distal reference areas , percent diam 
eter stenosis , and the length between reference are displayed 
numerically in the same panel . 
10062 ] In one embodiment , the system then also generate 
a three - dimensional rendering of the shape of the vessel 
lumen as calculated from the cross - sectional measurement . 
An example is shown in FIG . 5 . The user sets the positions 
of the proximal and distal reference planes manually on the 
3D image by dragging either line marker in the L - mode 
display or reference planes on the 3D display . The longitu 
dinal position between the reference markers at which the 
cross - sectional area is smallest is found automatically and a 
separate marker plane is placed automatically by the com 
puter at this position . In one embodiment , the entire display 
can be rotated around the longitudinal axis by steering a 
compass wheel in the display . 
[ 0063 ] Referring to FIG . 6a , the method of detecting the 
lumen of a vessel in an OCT image is briefly described . First 
an image mask is created . In one embodiment , the image 
mask is a binary image mask to demark the general contour 
of the lumen wall . Next , a list of weighted tissue regions is 
created and potential contours defined . Discontinuities in 
these contours are rejected and the longest remaining con 
tour selected . Any artifacts such as the shadow of the 
guidewire are removed and missing contour data is interpo 
lated to correct for missing portions of the image . 
[ 0064 ] In more detail and referring to FIG . 66 , the smallest 
data unit in an OCT image is called a sample . A sequence of 
samples along a ray 20 originating at the catheter center to 
the maximum imaging depth is called a scan line . An OCT 
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image is typically acquired one scan line at a time . A 
cross - sectional image is formed by a collection of scan lines 
as the OCT catheter rotates . Further , to image a segment of 
the vessel , the catheter is moved longitudinally along the 
vessel while rotating , hence acquiring a set of cross - sec 
tional images in a spiral pattern . It should be noted that while 
the present invention is described in the context of OCT 
images , the present invention is not so limited . Thus , for 
example , identifying any border , boundary , or contour in any 
vascular image is within the spirit and scope of the present 
invention . 
[ 0065 ] A cross - sectional image of the vessel is created for 
each complete rotation of the optical probe . These images 
are individually preprocessed and a suitable threshold is 
applied to created a binary foreground / background image 
mask , wherein the foreground is defined to contain the 
potentially relevant image information ( e . g . the vessel wall ) 
and the background represents the empty luminal space 
between the catheter and vessel wall , as well the ‘ noise 
floor ' beyond the deepest imaging depth within the wall . The 
image mask is further processed by convolving the image 
mask with a median filter that has a suitable wide W and a 
suitable height H . This operation fills in the gaps and 
removes the noise as each of the image mask values is 
replaced by the median value in its WxH neighborhood 
window . An example of a resulting mask is shown in FIG . 
76 . The resulting mask has the same dimensions as the 
original cross - sectional image . 
[ 00661 In still more detail , in one embodiment of the 
invention , each scan line of the mask is processed to find all 
pairs of start and stop samples as shown in FIG . 6b . The start 
sample denotes the start of a tissue ( foreground ) region 
while the stop sample represents the end of a tissue region . 
The thickness of a tissue region is calculated as the number 
of samples between a start sample and a stop sample ( i . e . the 
number of samples identified as foreground ) . A gap region 
is calculated as the number of samples between a stop 
sample and a start sample ( i . e . the number of samples 
identified as background ) . 
100671 In any one scan line it is possible to have more than 
one region identified as tissue , as shown in FIG . 8 . This is 
mainly due to ( but not limited to ) blood artifacts , if the 
lumen is not completely cleared of flowing blood during the 
image acquisition . To avoid artifacts and select the pair that 
best represent the tissue region is a given scan line , a weight 
is associated with each detected region . The weight , in one 
embodiment , is calculated as : 

Weight = ( gap * thickness ) ( 1 ) 

10068 ) so as to favor the thickest isolated region , as blood 
artifacts are thinner than the imaged vessel wall . It should be 
appreciated that this invention is not limited to this particular 
weight calculation . 
[ 0069 ] At this point in the procedure , every scan line in a 
given cross - sectional image should have , at most , one 
sample that will be on the lumen contour . The calculated 
weight associated with the sample on any given scan line is 
kept for further utilization . Some scan lines such as those in 
a side branch of a vessel might not have detected samples 
corresponding to a contour . 
10070 ] A contour segment can be defined , in one embodi - 
ment , as a group of contiguous scan lines with no discon 
tinuities . A discontinuity is a scan line - to - scan line change in 
the sample number ( offset ) that exceeds a predetermined 

continuity threshold . To identify all possible contour seg 
ments , the method begins by searching for the line with the 
largest weight among the lines not yet grouped in segments 
( initially , these are all scan lines in a given cross - sectional 
image ) . A segment is indentified by searching for disconti 
nuities clockwise and counter - clockwise from the line with 
the largest weight as illustrated in FIG . 9 . One way to 
determine a discontinuity threshold is to computer and 
smooth a line - to - line change in an offset histogram . 
[ 0071 ] FIG . 10 shows an illustration of a possible 
smoothed histogram . The cost represents the line - to - line 
change of offset , and the count represents the frequency ( the 
number of occurrences ) for a given change of offset . Such a 
histogram typically has a bi - modal distribution . The peaks 
with the lower costs represent acceptable , physiologically 
feasible changes in offsets , while the peaks with the higher 
costs represent transitions to and from artifacts . In FIG . 10 , 
a region of zero count separates the two peaks of the 
bi - modal histogram . The smallest cost with zero count is 
identified and used as a threshold . It should be noted that this 
invention is not limited to this one particular method for 
determining the discontinuity threshold . 
[ 0072 ] The luminal contour is a possible grouping of one 
of more contour segments . The root ( first segment to add to 
the contour ) of the contour is selected as the longest valid 
segment . The nearest clockwise and counter - clockwise 
neighboring segments of each potential contour segment are 
identified . Valid neighbors must pass an angular distance 
threshold , a radial distance threshold , and a Euclidian ( direct 
connect ) distance threshold . Each potential contour is then 
traversed clockwise and counter - clockwise and the longest 
contour is selected . 
[ 0073 ] To detect and removed the guide wire and other 
similar artifacts from the image , an ellipse is fitted to the 
foreground of a median mask ( shown in FIG . 11a ) . The area 
inside of the ellipse is then blanked to remove any small 
disconnected regions as shown in FIG . 11b . Applying the 
resulting mask to the OCT image , the average intensity 
value along each scan line of the masked OCT image is 
calculated ( shown in FIG . 11c as a plurality of scan lines of 
varying shading ) . The guide wire shadow is then identified 
via the use of a suitable gradient filter , such as the Sobel edge 
detector and the guide wire offset ( its radial distance from 
the catheter ) is detected inside the guide wire shadow region . 
Shadows from other sources such as stent struts and residual 
blood are also detected and need to be delineated from the 
guide wire shadow . The midpoints of all detected shadow 
regions on all frames is then collected and used as nodes to 
build a minimum spanning tree . In one embodiment of the 
invention , the nodes of the tree are selected and connected 
such that ; no points on the same frame are connected 
together ; and any given node is connected to a parent node 
that minimizes a weight value . In one embodiment the 
weight value is calculated as the sum of the distance and 
slope difference between a node and its parent node . A 
sample resulting tree is shown on the L - mode display in 
FIG . 11d . Finally , the tree is pruned by removing small 
branches ( according to a suitable threshold ) as shown in 
FIG . 11e . 
[ 0074 ] Missing contour data is interpolated as shown in 
FIGS . 1 and 2 . In one embodiment , a smooth curves between 
two points is interpolated using the cosine function . The 
range of values of a cosine function is + 1 to - 1 inclusive in 
the domain 0 to it . Since the interpolation between two 
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flow - dependent under conditions of maximum vasodilation . 
During drug - induced hyperemia , Rmy is approximately con 
stant and is given by : 

R = Pa - p , 
Omax 

where Qmar is the maximum blood flow that can be achieved 
in the branched when the pressure drop across the epicardial 
arteries is negligible ( i . e . , R + R 0 ) . Qmax equals the prod 
uct of the mean hyperemic Doppler blood velocity , Vmax? 
measured in a normal reference segment of the artery and the 
cross - sectional area , Ag , of the artery measure in the same 
location , Qmax = Vmart Velocity may also be measured 
using speckle caused by particulates in the stream and 
detected in the OCT image . Based on these relationships , 
Eqn . 4 can be reformulated in terms of hyperemic velocity : 

points requires a weighting range from 0 to 1 inclusive , it is 
desirable to adjust the cosine range . Using the function 
( 1 - cos ) provides a range from 0 to 2 inclusive and dividing 
by 2 yields ( 1 - cos ) / 2 with the required range from 0 to 1 . 
[ 0075 ] Alternatively , one can use any suitable function 
such as the cubic function or the Hermite functions to 
interpolate missing data using four or more control points 
instead of two . Interpolating a point between two points 
y , = f ( x ) and y , = f ( x , + Ax ) , calculates the value of the point 
on a preselected curves between xy and x2 . The general 
relation is given by ( 1 - a ) y , + ( a ) y2 , where a is the interpo 
lation weight ranging from 0 at x , to 1 at x , + Ax . Using the 
previously described cosine weighting method , the weight 
of a point at given distance d from x , is calculated by 
a = ( 1 - cos ( h * d / Ax ) ) / 2 . It should be noted that this invention 
is not limited to any one particular interpolation method . 
[ 0076 ] For an entire longitudinal segment of interest for a 
vessel , an area graph vs . longitudinal position is constructed 
from the individually calculated cross - sectional areas as 
shown in FIG . 12 . For any missing data ( where the contour 
extraction might have failed for any reason ) a suitable 
interpolation method can be used . The resulting graph ( FIG . 
3 ) is smoothed to removed sharp transitions in the area 
graph . One way to smooth the area graph is to use a median 
filter . It should be noted that this invention is not limited by 
any one particular smoothing method . 
[ 0077 ] Once the cross - sectional area of the vessel has been 
determined the severity of any stenotic region is then 
characterized . One measure of severity of a stenotic lesion 
imaged by OCT is provided by a parameter called the 
vascular resistance ratio ( VRR ) . The VRR quantifies the 
blood flow resistance of a stenotic vessel segment relative to 
the flow resistance of the entire vessel branch , assuming 
maximum vasodilation of the peripheral coronary vascula 
ture . The VRR is defined as : 

Rmy = 1 
Pa - Py 
Vmax 

1 
An 

[ 0080 ] The quantity in braces , which has united of mm Hg 
cm - ' s , is the hyperemic microvascualr resistance index , 
designated as h - MRv . An important advantage of determin 
ing hyperemic resistance using velocity instead of flow is 
that velocity normalizes flow for differences in arterial 
diameter due to branching and is preserved between proxi 
mal and distal segments . Table 1 listed published values of 
h - MRv measured during PCI with a Doppler flow wire . The 
values lie within a relatively narrow range for both treated 
and untreated vessels . 
[ 0081 ] In the calculations show it is assumed that h - MRv 
is a constant approximately equal to 1 . 0 mm Hg cm - ' s , a 
value that lies at the lower end of the distribution of 
resistances in Table 1 for upsized stented arteries . The value 
of A , in Eq . 5 is assumed to equal the cross - sectional area of 
the proximal segment of the reference vessel . For a 3 - mm 
diameter artery , Eqn . 5 yields Rm = 17 mm Hg cm - ' s with a 
corresponding maximum flow of about 4 . 7 ml / s at an 
arterio - venous pressure difference of 80 mmHg . 
[ 0082 ] The second component of the total resistance in 
Egn . 3 , R . , the epicardial resistance outside of the stenotic 
segment of the vessel , is usually small compared to R , and 
Rmv . Its value can be estimated by integrating the flow 
resistance along the length of the vessel , Le = Ly - Ls , where 
Lr is the total length of the coronary branch and L , is the 
length of the stenotic segment imaged by OCT . Assuming 
that not significant flow - limiting stenoses are presented 
outside of the stenotic segment and that the mean cross 
sectional area of the vessel remains the same as in the mean 
cross - sectional area , A . , of the reference segments adjacent 
to the stenosis imaged by OCT , R , can be calculated using 
Poiseuille ' s law , as 

VRR = 

where R , is the blood flow resistance of the stenotic segment 
and Ry is the total flow resistance of the branch vessel in 
which the stenotic region is located . VRR ranged from 0 ( no 
vessel narrowing ) to 1 ( all flow resistance due to the 
stenosis ) . 
[ 0078 ] The calculation of VRR is based on a lumped 
parameter model ( FIG . 13 ) of the blood flow through a 
stenosed branched of a coronary artery under hyperemic 
conditions . In this model , the blood flow Q , driven by the 
difference between the arterial blood pressure P and the 
coronary venous pressure Py , is limited by the total flow 
resistance ( R ) of the branch of the vessel through which the 
blood is flowing . Ry is composed of the sum of three 
resistance elements . 

Rq = R + R + Rmy ( 3 ) 
where R , is the blood flow resistance of the stenotic segment 
R , is the blood flow resistance of the remaining epicardial 
length of the branch , and Rmo is the microvascular resistance 
of the peripheral coronary vascular bed . 
[ 0079 ] In general , the values of all three resistance ele 
ments depend on blood flow , but only R is show explicitly 
as a function of Q , because Rmy and R , are only weakly 

SanLe Re = 2 

where n is the viscosity of the blood and the mean area is 
given by 

IM An = ?XA 
[ 0083 ] In this equation , the cross - sectional lumen areas A , 
are measure in the frames of the OCT image located outside 
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analysis of laminar flow of a Newtonian fluid through a 
straight cylinder . According to Kirkeeide : 

( 12 ) k = CO G 2 \ Am A 

where p is the mass density of the blood , Aj is the area of 
the artery distal to the stenosis , and 

( 13 ) C3 = 1 . 21 + 0 . 08 " 

of the stenotic region , so that the total number of available 
frames M depends on the lengths of the proximal and distal 
reference segments in the image . Although the total lengths 
of the epicardial coronary branches are not , in general , the 
same , it is assumed that L7 - 8 cm for the main coronary 
arteries ( LAD , LCX , and RCA ) , so that Le can be founds 
directly by subtracting the length of the OCT image region 
from Lt . A better estimate of the epicardial length can be 
obrained from lengths measured by angiography , if such 
data is available . The mean area is estimated as the average 
of the diameters of the proximal and distal reference seg 
ments . 
[ 0084 ] Calculation of the stenotic resistance , R , in Eqn . 3 
is complicated by its dependence on blood flow , R . is 
composed of a flow - independent component that results 
from viscous losses and a flow - dependent component that 
results from kinetic losses . A variety of methods have been 
developed for calculation of the flow resistance of stenotic 
lesions . Three different embodiments of methods ( one ana 
lytical and two numerical ) by which R , can be calculated 
based on measurements of lumen morphology by OCT will 
now be discussed . 
[ 0085 ] The first embodiment of a method for calculation 
of R , is adapted from a model of pressure losses in stenotic 
lesions developed by Kirkeeide . FIG . 14 illustrates the 
cylindrically symmetrical geometry on which the model is 
based . The total resistance of the stenosis is assumed to 
consist of two flow - independent components and a flow 
dependent components : 

R = R , + R , + kQ 
[ 0086 ] Here R , represents losses due to viscous wall 
friction , calculated according to Poiscuille ' s law as : 

[ 0090 ] Here e , is the length of the stenosis , defined as the 
region between the wall angle inflection points on either side 
of the stenosis ( FIG . 14 ) , and d , is the diameter of the artery 
on the distal side of the stenosis . This equation accounts for 
the increase in expansion losses with lesion length . 
[ 0091 ] Now that all of the terms in Eq . 9 have been 
defined , the vascular resistance ratio can be expressed as 

( 14 ) 
VRR = 

R . 

Rs + Re + Rmv 
Rp + R , + kQQ 

R ' + kel 

with 

( 15a ) R ' = Rs + Rmv + Rp + Ry 
and 

VR : 2 + 4k . ( P - P , ) - R ' ( 156 ) 
2k 

( 10 ) 
Rp = 8anci 

E A ? ( Exit regions ) 

10087 ] This resistance equals the total integrated viscous 
losses along the vessel minus the losses in the exist regions 
where flow separation occurs . Exits regions are defined as 
the segments of the artery within which the exit angle ( O in 
FIG . 14 ) exceeds a threshold value ( typically 59 ) . In these 
equations C , = 0 . 86 , based on results of experiments con 
ducted by Kirkeeide . 
[ 0088 ] The second flow - independent component of R , in 
Eq . 9 , which represents the additional viscous losses that 
occur at the entrance of regions of sudden narrowing of the 
vessel wall , is given by : 

[ 0092 ] The other embodiments of the method , instead of 
Kirkeedee ' s equations , use a numerical Navier - Stokes 
solver such as FloWorks , ( SolidWorks Corporation , Con 
cord , Mass . ) or fluent ( Ansys , Ann Arbor , Mich . ) or equiva 
lent to calculate the stenotic resistance R , in the model in 
FIG . 13 . The vessel contours are delineated by OCT and the 
flow within the walls is broken into thousands of small 
volumes . Simultaneously , at each volume , the Navier - Stokes 
momentum and conservation of mass equations are solved to 
compute the flow field through the volume . From this flow 
field the pressure drop along the vessel is found . 
[ 0093 ] In the second embodiment of the method , the 
cylindrically symmetrical computational flow model , the 
same area - versus position graphs are used as in the first 
embodiment . The Navier - Stokes equations are solved 
assuming the shape is a perfect circle at each location along 
the OCT image . In third embodiment , the full - 3D compu 
tational flow model based on the actual OCT lumen contours 
is used . The wall geometry is broken into triangles spanning 
every other frame and every 15° around the catheter . FIGS . 
15 and 16 show sections of the geometry on which blood 
flow is modeled . 
[ 0094 ] Studies if anatomy show that the sum of the 
cross - sectional area of branches derived from a parent is 
greater than the cross - sectional area of the parent . This 
minimizes viscous shear stress through the epicardial tree . 
Based on viscous losses , Murray ' s law states that the cube 

( 11 ) Rx = 879c 
where d , is the diameter of the artery on the proximal side 
of the stenosis , Am is the minimum lumen area of the 
stenosis , C2 = 0 . 45 . 
[ 0089 ] The flow - dependent component of R , in Eq . 9 
includes losses due to flow separation and recirculation at 
the exit of narrowed regions of the artery . At high flow rates 
and in vessels with highly irregular cross - sections , the 
effective resistance of a blood vessel can significantly 
exceed that predicted by Poiseuille ' s law , which is based on 
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of the radius of a parent vessel equals the sum of the cubes 
of the radii of the daughters . Table 2 show the area increases 
calculated by Murray ' s law when the branches are symmet 
ric . 
[ 0095 ] The steps to obtain the branch sizes are : 
[ 0096 ] The parent vessel area is taken as the proximal area 
at the reference plane . One daughter vessel is taken as the 
distal reference plane . The initial guess of the remaining 
daughter vessel areas is taken from an algorithm that inter 
rogates the OCT image . The radius of the vessels is calcu 
lated , assuming they are circular . These radii are all multi 
plied by a single scale factor . The scale factor is determined 
by Murray ' s law . Murray ' s law is applied one branch at a 
time . The area remaining after the most proximal branch 
area is subtracted is used as the parent area for the next 
branch . The remaining area after Murray ' s law is applied to 
the last branch will equal the distal reference area . 
[ 0097 ] With the cylindrically symmetric computational 
flow model , the flow outside of the imaged area is not 
calculated , but instead is calculated using the resistance 
network show in FIG . 13 . R . ( Q ) is calculated numerically 
with the computational flow simulation program with R , and 
Rw calculated in the same way as in the first embodiment of 
the method . R , and Rmy are both independent of flow ( i . e . , 
produce a pressure drop linear with flow ) . They are simply 
added as a single resistor to the numerical simulation . The 
numerical flow simulator automatically adjusts the flow to 
main P , - Pa . 
[ 0098 ] The reference area , A , in Eqn . 5 , is calculated 
differently for the two models . The cylindrically symmetric 
model ( second method ) does not have any branches , there 
fore , A , is calculated based on the average of proximal and 
distal areas . Thus , the velocity in the FloWorks geometry 
will be an average of the flows that would be encountered 
through the tapering section . The full 3 - D model ( third 
embodiment ) includes branches , thererfore A , is calculated 
based on the proximal area only . 
[ 0099 ] The lumped resistor method show in FIG . 13 is 
extended for the full 3 - D Computational Flow Model in FIG . 
24 . The resistance of the branches R1 , R2 . . . Ry and R Distal 
are each composed of the series resistors R + Rmy . The 
downstream end of the every branch resistor is at P , ( 10 mm 
Hg ) . The upstream end of the resistor is at the static pressure 
that numerical method calculates at that branch . The input 
pressure of the parent artery at the proximal reference is 90 
mm Hg . 
[ 0100 ] R of each branch is calculated based on the loca 
tion in the image . Calculation of Rm is more complex . 
According to Murray ' s law , the sum of the cross - sectional 
areas of branches coming off a parent is greater than the 
cross - sectional area of the parent . Consequently , the velocity 
decreases after every branch . This affects Rmy for the entire 
artery and for each branch . 
[ 0101 ] Rmy for the entire artery is adjusted by assuming the 
1 . 0 mm Hg cm - ' s value of h - MRv was determined based on 
a reference diameter of 3 . 4 mm . For other proximal refer 
ence diameters Rmy is adjusted downwards according to the 
ratio of the proximal reference diameter to the reference 
diameter to the 1 / 4 power . The 1 / 4 power equates pressure 
drops through the vasculature . Data on the variation of 
velocity data through the coronaries is limited , but the 1 / 4 
power rule seems to correlate the published data as shown in 
Table 3 . A more sophisticated approach would adjust Rm 

according to the vessel type ( LAD : left anterior descending 
artery , RCA : right coronary artery , LCx : left circumflex ) . 
( 0102 ] Likewise , Romy for each branch is adjusted by the 
same 1 / 4 power of the diameter ratio of the branches to the 
reference diameter of 3 . 4 mm . If a branch is smaller than 2 
mm , Rm is taken at 2 mm diameter . Rm for all the daughter 
branches is summed to insure it adds up to Rmy for the 
proximal reference . If it is different , Rmy for all the branches 
are scaled equally . 
[ 0103 ] As the numerical program is run , the pressure and 
flow are obtained along the artery length . The slope of the 
total pressure along the length can be used to highlight areas 
of high resistance . The static pressure along the length can 
be correlated with pressure measurements . VRR is calcu 
lated between any two points of interest , usually the distal 
and proximal references . Since the flow is calculated , other 
indices that use flow and pressure , such as Stenotic Reserve 
Index ( SRI ) can be calculated . Meuwissen et al . defined the 
Stenosis Resistance Index ( SRI ) as the slope of this line 
between two measurement points : 
101041 SRI = Pressure Difference Between Measurement 
Points ( DP ) / Proximal Velocity 
[ 0105 ] In one embodiment , SRI is calculated by assuming 
a velocity . Velocity is fairly constant in human arteries . In 
one study of 32 patients after percutaneous coronary inter 
vention PCI , the measured velocity was 79 + 17 . 2 cm / s . Since 
the velocity variation is small and the SRI curve is fairly 
independent of velocity , the estimate of SRI made without 
velocity measurements can be acceptable . 
[ 0106 ] Velocity is a better way to normalize SRI than flow 
because pressure drop is mostly proportional to velocity . If 
flow is used , it typically underestimates the effect of a 
stenosis in a large vessel and conversely overestimates the 
effect of a stenosis in a small vessel . The velocity that is 
selected is the velocity at a reference diameter , not the 
stenosis velocity . The physician selects the proximal refer 
ence and the velocity measurement is taken there . The 
resulting SRI will give the physician the resistance that will 
be eliminated by the stent . 
[ 0107 ] The flow through the region of interest will change 
if a side branch is detected . The flow down the side branch 
will be estimated from the side branch size and the reduction 
in area from the proximal to distal reference . Both the 
algerbraic equations and the Navier - Stokes Equation are 
modified to include the side branches . 
[ 0108 ] If SRI is reported , a different SRI will be used than 
that of Meuwissen et . al . this index , termed the LightLab 
SRI ( LSRI ) is defined as : 
[ 0109 ] LSRI = Total Pressure Difference / Velocity — Inte 
grated Poiseuille Equation 
where : total pressure difference is the static pressure at a first 
location plus the velocity head ( p V 2 / 2 ) at the first location 
minus the static pressure at a second location plus the 
velocity head ( p V 2 / 2 ) at the second location . The locations 
typically straddle the region of interest in the lumen , Veloc 
ity , V , is the bulk average velocity . The integrated Poiseuille 
equation is the laminar flow pressure drop calculated 
between the reference locations assuming the diameter 
increased linearly . This is an improvement over the standard 
SRI measurement because the total pressure is more reflec 
tive of the true losses in artery than the static pressure used 
in standard SRI and the integrated Poisceuille equation 
removed the effects of the distance between measurement 
locations , which is a limitation of standard SRI . MV 
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[ 0110 ] Another parameter that is measurable by this tech 
nique is the fractional flow reserve ( FFR ) . As defined by the 
model in FIG . 13 , the vascular resistance ratio ( VRR ) has a 
direct relationship with the fractional flow reserve ( FFR ) . 
The FFR is determined from measurement of the pressure 
distal to a stenosis relative to the arterial pressure : 

( 16 ) FFRE PU - P P . - P 

[ 0115 ] Once the parameters of vessel size and blood flow 
resistance are calculated , the present invention also provides 
methods for optimizing stent choice and placement auto 
matically or semi - automatically via interactive commands . 
These flow calculations , when combined with a set of a 
priori constraints , enable a cardiologist to optimize the 
length , diameter , and longitudinal position of a stent before 
implantation . 
[ 0116 ] Referring again to FIG . 5 , a three - dimensional ( 3D ) 
image of the lumen of a coronary artery derived from OCT 
image data is depicted . To generate this image , the contours 
of the wall of the lumen are traced automatically by com 
puter software described above . The morphological data 
represented by the three - dimensional image of the lumen 
provide the starting point for various embodiments of the 
stent optimization procedure . The first image - processing 
step reduces the 3D data set to a cylindrically symmetrical 
data set that shows the mean diameter of each cross - section 
along the axis of the catheter . The mean diameter D at each 
longitudinal position x is calculated as the diameter of a 
circle with the same area as the cross - section , 

[ 0111 ] Clinically and FFR value greater than or equal to 
0 . 75 typically is considered to mean that treatment is not 
required . Generally the FFR is measured following the 
administration of drugs that cause a maximum hyperemic 
response by causing the capillary beds to dilate followed by 
the taking of an intravenous pressure measurement . 
[ 0112 ] Assuming that there are no additional stenosis 
proximal to the stenotic segment , VRR is inversely propor 
tional to FFR : 

( 17 ) 
( 1 ) VRRER 

( Pa - Pd ) / 2 
( Pa - Py ) / Q 

D w = 2 a 
( Pa - Pd ) = ( Po - P . ) 

= 1 - FFR 

[ 0113 ] AVRR of less than 0 . 25 means that treatment is not 
indicated . A benefit of VRR is that , as shown below , a VRR 
calculation may be made without the use of drugs or the 
measurement of intravascular pressure . 
[ 0114 ] Once the segmental resistances on which the VRR 
is based have been calculated , additional information can be 
displayed to help the clinician selected the length of a stent 
required to cover a stenotic lesion . One concept for display 
ing this information is illustrated in FIG . 17 . Here , to 
provide feedback about the lesion length , the segment of the 
artery centered on the MLA plane that encompasses a 
user - selectable fraction K ( typically 0 . 9sKs0 . 95 ) of the total 
vascular resistance is highlighted . In mathematical terms , 
the length of the highlighted region , 2AL , centered on the 
MLA position 1 , is determined such that the relationship 

where AX ) is the area of the cross - section . Alternatively , the 
mean diameter can be found by averaging the lengths of 
chords drawn through the centroid of the lumen cross 
section . FIGS . 19a and 19b show examples of displays of 
mean - diameter for an OCT image of a coronary artery . In 
FIG . 19a , the branches of the artery are shown as perpen 
dicular bars with widths equal to the widths of the ostia of 
the branches , while in FIG . 19b , the vessel branches are 
shown as circles with diameters to the widths of the ostia of 
the branches . 
[ 0117 ] For interactive stent optimization , the mean - diam 
eter display shows the position of a reconfigurable stent 
superimposed on the vessel profile , as illustrated in FIG . 20 . 
The expanded diameter , length , and longitudinal position of 
the stent are the main variables that determine the effective 
ness of the stent in restoring the available blood flow to the 
heart muscle . The present invention employs the difference 
between the calculated values of the vascular resistance ratio 
( VRR ) before and after stenting as a key stent optimization 
parameter . Another important optimization parameter is the 
maximum stent malapposition distance , defined as the wid 
est separation between the surface of the stent struts and the 
vessel wall over the entire length of the stent . Minimization 
of this distance , especially for drug - eluting stents , is neces 
sary to assure that the stent is affixed firmly to the vessel wall 
and that that the stent provides adequate radial support to 
prevent collapse of the vessel . A third important optimiza 
tion parameter is the degree of overlap of the stent and the 
ostia of side branches . Minimal overlap is desirable to avoid 
blockage of blood flow to branches as a result of thrombus 
formation or growth of new tissue on the stent struts . 
[ 0118 ] The various embodiments of the present invention 
provide methods for choosing the optimal stent length , 
diameter , and longitudinal position in accordance with the 
aforementioned optimization parameters ( VRR , malapposi 
tion distance , branch overlap , presence of calcium , etc . ) The 
flow chart in FIG . 21 outlines the optimization procedure 

( 18 ) N ( lo + AL ) 

R ; 2 KRm 
N ( 16 - AL ) 

is satisfied . Here N ( 10 - AL ) and N ( 1 . + AL ) are the frame 
numbers at the distal and proximal limits of the vessel 
segment . Alternatively , the high - resistance regions can be 
identified independently of the location of the MLA cross 
section by sorting the resistances of the incremental seg 
ments from highest to lowest and highlighting only those 
segments at the top of the list that sum to a user - selectable 
fraction of the total vascular resistance . The advantage of 
this method is that more than one region of high resistance 
in a diffusely narrowed artery can be identified readily , as 
shown by the example in FIG . 18 . 
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associated with one specific embodiment . In this embodi 
ment , the user chooses a desired stent length , Lfixed , and the 
optimization proceeds iteratively to find the longitudinal 
position of the stent , Xopt , and diameter of the stent , Dopr , that 
minimizes VRR while maintaining a malapposition dis 
tance , e , less than a maximum allowable distance , Emor , and 
a stent diameter less than Dmax . Typically Emax is fixed at a 
small value between 0 and a value deemed clinically insig 
nificant ( e . g . , 0 . 1 mm ) and Dmax is set equal to the maximum 
diameter of the vessel measured within the imaged segment 
plus one stent diameter increment ( typically 0 . 25 mm ) ) . To 
accelerate the iteration , the sets of available stent diameters 
{ DminsDsDmax } and stent positions { Oxs ( L - Lfixest ) } are 
limited to discrete values separated by clinically significant 
increments . Further acceleration of the optimization can be 
achieved by employed a multivariate look - up table of stent 
diameters and stent positions instead of linear arrays of 
variables . Although not shown in flow charter in FIG . 21 , 
additional constraints , such as the degree of overlap with 
side branches and calcified regions , are included within the 
scope of the invention . 
[ 0119 ] In addition to reporting the recommended diameter 
and position of the stent to the user , this specific embodiment 
of the optimization procedure also reports the predicted 
values of VRRant , the vascular resistance ratio , and € , the 
residual malapposition distance . If the user deems these 
values to be unsatisfactory , the optimization can be repeated 
with a longer stent length as an input . In this way , errors in 
the sizing and positioning of stents can be avoided before 
implantation . 
[ 0120 ] FIG . 22 outlines the steps of an embodiment of a 
fully automatic optimization procedure in which the diam 
eter , length , and longitudinal position are optimized simul 
taneously . Here the user inputs only a target VRR value , 
VRRmor , and the optimization then proceeds iteratively to 
find the shortest stent that achieves the desired blood flow 
resistance under the constraints imposed on maximum diam 
eter and maximum malapposition distance . 
[ 0121 ] In more detail , the system first creates arrays of 
area and diameter for each cross - section along the unstented 
vessel . Next , the system creates a lookup table that has the 
available ranges of stent diameter , length and position . Then , 
progressing through each entry in the lookup table , the 
system calculates the VRR and maximum malapposition 
value . The maximum malapposition value equals the dis 
tance between the maximum unstented diameter in the 
segment and the diameter of the stent . Table entries that 
result in VRR values less than VRR and the maximum 
malapposition values are retained and then the stent length 
for each subset is determined . The table entry in which the 
stent length is a minimum defines the optimal stent param 
eters . 
[ 0122 ] To be useful as an interactive bed side tool , the 
recalculation of VRR for a selected stent size needs to be 
almost instantaneous . The most accurate method to find the 
chose stent effect of VRR would be to first measure or 
calculate VRR on the unstented artery using the OCT 
measurements above or a finite element computational fluid 
dynamics program and then recalculate VRR using the same 
finite element computational fluid dynamics program on the 
proposed stented artery shape . However , most computa 
tional fluid dynamics programs will not run fast enough on 
typical computers to quickly show the affect of the proposed 
stent . A method is need to have the accuracy of computa 

tional fluid dynamics but allow the rapid recalculation of 
VRR with the proposed placement of a stent . 
[ 0123 ] A hybrid approach is disclosed here that allows for 
rapid recalculation . In the region of the proposed stent , 
algebraic equations are used to determine pressure drop . In 
the regions outside of the stent , the previously obtained 
measured or computational fluid dynamics solution is used , 
modified by the effect of the stent . The rapid recalculation is 
obtained by only using algebraic equations during the stent 
sizing . Once the stent sizing is complete , a full computa 
tional fluid dynamics simulation may be run to obtain an 
even more accurate answer . 
[ 0124 ] The initial calculation of VRR on the unstented 
artery is done using a finite element computational fluid 
dynamics program . Since there is some time between the 
end of the imaging procedure and the start of the stent 
placement , the amount of time this calculation takes is not 
a limiting constraint . An important output of the computa 
tional fluid dynamics program is a total pressure versus 
distance graph as shown in the FIG . 23 . The simplest way to 
calculate the change in VRR from the proposed stent addi 
tion is simply to subtract the pressure drop in the stented area 
as shown . The VRR display is updated as the stent length 
and location are changed by the operator . 
[ 0125 ] A more sophisticated approach takes into account 
that the pressure drop outside of the proposed stented area 
will increased because the flow increases with the elimina 
tion of the stenosis . FIG . 24 shows an equivalent resistor 
network model of the pressure drops through the artery . The 
total pressure drop graph from FIG . 23 is broken up into 
equivalent flow resistors , each spanning a branch or the 
artery . Ro - 1 is the flow resistance from the proximal end of 
the OCT image to the first branch , R . , is between the first 
and second branches , and RD - n is between the last branch 
and the distal end of the OCT scan . If a stent is placed in one 
of the resistors , the pressure drop in that resistor is modified 
as follows . First , the calculated pressure drop from the 
stenosis is set to zero in the stent . The Poiseuille pressure 
drop through the length of the stent is added and the losses 
at the entrance and exit of the stent due to the diameter 
change are added . The flow calculated with the stenosis by 
computational fluid dynamics is used to set the resistor 
values . 
[ 0126 ] The resistor network in FIG . 24 can be solved by 
using equations for resistors in series and parallel . An 
explicit series of equations for flow and thus pressure drop 
in the stented artery can then be found . The flow division 
between the branches is readjusted from the resistor net 
work . The flow resistances may be considered linear with 
flow as a first approximation . A more sophisticated approxi 
mation will include the non - linear response of pressure drop 
with flow . The new value of VRR is displayed on the screen 
as the stent is resized . This calculation happens rapidly as it 
is simply algebraic equations . This value of VRR is marked 
as preliminary . The full computational fluid dynamics simu 
lation takes place during the stent resizing and when the 
calculation is complete the VRR value is be marked as final . 
[ 0127 ] Target values of VRR can be established according 
to results of published clinical studies . For example , the 
results of one influential study showed and adverse event 
rates in patients with a single stented lesion were reduced 
significantly when the fractional flow reserve ( FFR ) mea 
sured in the stented artery was in the range 0 . 96 - 1 . 0 com 
pared to the adverse event rates of a similar population of 
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patients with measured FFR values in the range 0 . 9 - 0 . 95 . 
Therefore , FFR min = 0 . 96 is a post - stent target supported by 
clinical evidence . According to its definition , VRR has a 
simple inverse relationship with fractional flow reserve 
( VVR = 1 - FFR ) ; it follows that , based on this study , an 
appropriate target maximum value of is VRR max = 1 - 0 . 96 
0 . 04 . 
[ 0128 ] FIG . 25 and 26 depict the output results of the 
specific embodiments of the invention . FIGS . 25a and 25b 
show the pre - and ( predicted ) post - stented mean - diameter 
lumen profiles resulting from the fixed - stent - length optimi 
zation procedure for two different stent lengths , Lfixed = 8 mm 
and Lfired = 24 mm . The input data were derived from a 
sequence of OCT images that was recorded in vivo from a 
branch of a patient ' s coronary artery . In this example , the 
optimization the hyperemic blood flow resistance , while 
maintaining good stent apposition . The predicted residual 
gaps between the stent and the vessel wall for Live24 mm 
are shown in FIG . 26 as blank regions 
[ 0129 ] FIGS . 26a and 26b show the pre - and ( predicted ) 
post - stented mean - diameter lumen profiles resulting from 
the fully automatic optimization procedure for two different 
target VRR values , VRRmax < 0 . 05 and VRR mars0 . 02 . Again , 
the input data were derived from a sequence of OCT images 
recorded in vivo from a branch of a patient ' s coronary artery . 
The procedure determined the longitudinal positions , diam 
eters , and minimum lengths of the stents required to reduce 
VRR below the target values , while maintaining good appo 
sition between the stent and the vessel wall . 
[ 0130 ] FIG . 27 shows a computer interface with a three 
dimensional depiction in the top panel of a stent that is not 
properly placed in the lumen of interest . Two regions of stent 
malapposition are shown as hatched regions . Thus , in one 
embodiment , the methods of the invention and features 
described herein are directed to a computer - based user 
interface that allows views of OCT in multiple panels . 
Further , stent malapposition can be shown in three - dimen 
sions . In addition , in the case of stimulated stent placement , 
the user may reposition the stent to remove the areas of 
malapposition to simulate proper stent placement prior to 
implanting a stent in a real patient 

[ 0131 ] The present invention may be embodied in may 
different forms , including , but in no way limited to , com 
puter program logic for use with a processor ( e . g . , a micro 
processor , microcontroller , digital signal processor , or gen 
eral purpose computer ) , programmable logic for use with a 
programmable logic device , ( e . g . , a Field Programmable 
Gate Array ( FPGA ) or other PLD ) , discrete components , 
integrated circuitry ( e . g . , an Application Specific Integrated 
Circuit ( ASIC ) , or any others means including any combi 
nation thereof . In a typical embodiment of the present 
invention , some or all of the processing of the data collected 
using an OCT probe and the process - based system is imple 
mented as a set of computer program instructions that is 
converted into a computer executable form , stored as such in 
a computer readable medium , and executed by a micropro 
cessor under the control of an operating system . Thus , query 
response and input data are transformed into processor 
understandable instructions suitable for generating OCT 
data , histology image , OCT images , vascular resistance , 
overlays masks , signal processing , weighting artifact 
removal , contour detection and other features and embodi 
ments described above . 

[ 0132 ] Computer program logic implementing all or part 
of the functionality previously described herein may be 
embodied in various forms , including , but in no way limited 
to , a source code form , a computer executable form , and 
various intermediate forms ( e . g . , forms generated by an 
assembler , compiler , linker , or locator ) . Source code may 
include a series of computer program instructions imple 
mented in any of various programming languages ( e . g . , an 
object code , and assembly language , or a high - level lan 
guage such as Fortran , C , C + + , JAVA , or HTML ) for use 
with various data structures and communication messages . 
The source code may be a computer executable form ( e . g . , 
via an interpreter ) , or the source code may be converted 
( e . g . , via a translator , assembler , or compiler ) into a com 
puter executable form . 
[ 0133 ] The computer program may be fixed in any form 
( e . g . , source code form , computer executable form , or an 
intermediate form ) either permanently or transitorily in a 
tangible storage medium , such as a semiconductor memory 
device ( e . g . , a RAM , ROM , PROM , EEPROM , or Flash 
Programmable RAM ) , a magnetic memory device ( e . g . , a 
diskette or fixed disk ) , an optical memory device ( e . g . , a 
CD - ROM ) , a PC card ( e . g . , PCMCIA card ) , or other 
memory device . The computer program may be fixed in any 
form in a signal that is transmittable to a computer using any 
of various communication technologies , including , but in no 
way limited to , analog technologies , digital technologies , 
optical technologies , wireless technologies ( e . g . , Bluetooth ) , 
networking technologies , and internetworking technologies . 
The computer program may be distributed in any form as a 
removable storage medium with accompanying printed or 
electronic documentation ( e . g . , shrink - wrapped software ) , 
preloaded with a computer system ( e . g . , on system ROM or 
fixed disk ) , or distributed from a server or electronic bulletin 
board over the communication system ( e . g . , the Internet or 
World Wide Web ) . 
[ 0134 ] Hardware logic ( including programmable logic for 
use with a programmable logic device ) implementing all or 
part of the functionality previously described herein may be 
designed using traditional manual methods , or may be 
designed , captured , simulated , or documented electronically 
using various tools , such as Computer Aided Design ( CAD ) , 
a hardware description language ( e . g . , VHDL or AVDL ) , or 
a PLD programming language ( e . g . , PALASM , ABEL , or 
CUPL ) . 
[ 0135 ] Programmable logic may be fixed either perma 
nently or transitorily in a tangible storage medium , such as 
a semiconductor memory device ( e . g . , a RAM , ROM , 
PROM , EEPROM , or Flash - Programmable RAM ) , a mag 
netic memory device ( e . g . , a diskette or fixed disk ) , an 
optical memory device ( e . g . , a CD - ROM ) , or other memory 
device . The programmable logic may be fixed in a signal that 
is transmittable to a computer using any of various commu 
nication technologies , including , but in no way limited to , 
analog technologies , digital technologies , optical technolo 
gies , wireless technologies ( e . g . , Bluetooth ) , networking 
technologies , and internetworking technologies . The pro 
grammable logic may be distributed as a removable storage 
medium with accompanying printed or electronic documen 
tation ( e . g . , shrink - wrapped software ) , preloaded with a 
computer system ( e . g . , on system ROM or fixed disk ) , or 
distributed from a server or electronic bulletin board over 
the communication system ( e . g . , the Internet or World Wide 
Web ) . 
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TABLE 2 
Area Increase After a Branch 

Bifurcation 
Area Increase Trifurcations Angiography Study 

1 . 214 
( n = 12 ) 

1 . 30 
( n = 20 ) 

1 . 26 

1 . 12 

Patients without coronary 
artery disease 
Left main of patients without 
coronary disease 
N / A 1 . 44 

TABLE 3 

Proximal End of Artery Distal End of Artery 

LAD LCX RCA LAD LCX RCA 
Peak Velocity 
( cm / s ) 
Diameter 
( mm ) 
Peak Vel / 67 
V / D 0 . 25 / 56 . 5 

104 
3 . 5 
1 . 55 
1 . 35 

79 
3 . 1 
1 . 18 
1 . 05 

72 
3 . 4 
1 . 07 
0 . 94 

70 
2 
1 . 04 
1 . 04 

71 
2 
1 . 06 
1 . 06 

67 
2 
1 . 00 
1 . 00 

[ 0136 ] Various examples of suitable processing modules 
are discussed below in more detail . As used herein a module 
refers to software , hardware , or firmware suitable for per 
forming a specific data processing or data transmission task . 
Typically , in a preferred embodiment a module refers to a 
software routine , program , or other memory resident appli 
cation suitable for receiving , transforming , routing and 
processing instructions , or various types of data such as 
OCT scan data , interferometer signal data , clock signals , 
region of interest types , formulas , and other information of 
interest . 
[ 0137 ] Computers and computer systems described herein 
may include operatively associated computer - readable 
media such as memory for storing software applications 
used in obtaining , processing , storing and / or communicating 
data . It can be appreciated that such memory can be internal , 
external , remote or local with respect to its operatively 
associated computer or computer system . 
[ 0138 ] Memory may also included any means for storing 
software or other instructions including , for example and 
without limitation , a hard disk , an optical disk , floppy disk , 
DVD ( digital versatile disc ) , CD ( compact disc ) , memory 
stick , flash memory , ROM ( read only memory ) , RAM 
( random access memory ) , DRAM ( dynamic random access 
memory ) , PROM ( programmable ROM ) , EEPROM ( ex 
tended erasable PROM ) , and / or other like computer - read 
able media . 
[ 0139 ] In general , computer - readable memory media 
applied in association with embodiments of the invention 
described herein may include any memory medium capable 
of storing instructions executed by a programmable appa 
ratus . Where applicable , method steps described herein may 
be embodied or executed as instructions stored on a com 
puter - readable memory medium or memory media . These 
instructions may be software embodied in various program 
ming languages such as C + + , C , Java , and / or a variety of 
other kinds of software programming languages that may be 
applied to create instructions in accordance with embodi 
ments of the invention . 
10140 ] While the present invention has been described in 
terms of certain exemplary preferred embodiments , it will be 
readily understood and appreciated by one of ordinary skill 
in the art that it is not so limited , and that many additions , 
deletions and modifications to the preferred embodiments 
may be made within the scope of the invention as hereinafter 
claimed . Accordingly , the scope of the invention is limited 
only by the scope of the appended claims . 

What is claimed is : 
1 - 31 . ( canceled ) 
32 . A method of displaying a representation of a longi 

tudinal section of a blood vessel comprising : 
generating a set of data in response to distance measure 
ments of the longitudinal section using an intravascular 
imaging system , 

the set of data comprising a plurality of cross - sectional 
areas at a plurality of positions along the longitudinal 
section ; and 

displaying a user interface comprising a first panel , 
the first panel comprising a first axis , a second axis and a 

first longitudinal view of the longitudinal section , 
the first axis corresponds to a diameter value and the 

second axis corresponds to a position along the longi 
tudinal section . 

33 . The method of claim 32 further comprising displaying 
a branch of the blood vessel as a bar having a width in the 
user interface corresponding to a position of the branch 
along the second axis . 

34 . The method of claim 33 further comprising sizing the 
width of the bar to corresponds to a diameter of the branch . 

35 . The method of claim 32 further comprising displaying 
a branch of the blood vessel as a circle having a diameter in 
the user interface . 

36 . The method of claim 35 further comprising sizing the 
diameter of the circle to corresponds to a diameter of the 
branch . 

37 . The method of claim 32 further comprising displaying 
a minimum lumen area for the longitudinal section in the 
user interface . 

38 . The method of claim 32 further comprising displaying 
a second panel in the user interface , the second panel 
comprising a second longitudinal view of the longitudinal 
section . 

39 . The method of claim 32 further comprising displaying 
a second panel in the user interface , the second panel 
comprising a first cross - sectional view of a position along 
the longitudinal section . 
40 . The method of claim 32 further comprising displaying 

a percent diameter stenosis in the user interface . 

TABLE 1 
Reference 

vessel 
Upsize 

stented lesion Balloon Stented lesion 

1 . 73 + 0 . 38 
( n = 20 ) 

1 . 75 + 0 . 37 
( n = 13 ) 

1 . 72 + 0 . 53 
( n = 19 ) 

1 . 59 + 0 . 38 
( n = 12 ) 

1 . 32 = 0 . 39 
( n = 11 ) 

1 . 29 + 0 . 40 
( n = 10 ) 

1 . 58 + 0 . 61 
( n = 24 ) 

1 . 49 + 0 . 41 
( n = 15 ) 

1 . 52 + 0 . 40 
( n = 10 ) 

1 . 67 + 0 . 73 
( n = 29 ) 

1 . 82 + 0 . 44 
( n = 23 ) 
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41 . The method of claim 32 further comprising averaging 
chord lengths for a plurality of cross - sections of the longi - 
tudinal section to calculate a mean diameter and displaying 
the mean diameter in the user interface . 
42 . The method of claim 32 wherein the diameter value at 

each position along the longitudinal section is a mean 
diameter or a measured diameter . 

43 . The method of claim 32 wherein the diameter value at 
a cross - section along the longitudinal section is a diameter 
of a circle , wherein an area of the circle is an area of the 
cross - section . 

44 . The method of claim 32 further comprising the step of 
generating the first longitudinal view using a plurality of 
mean cross - sectional diameters . 

45 . The method of claim 32 further comprising the step of 
displaying a proximal reference and a distal reference in the 
user interface . 

46 . The method of claim 32 further comprising displaying 
an alert in the user interface with respect to a position in the 
longitudinal section . 

47 . The method of claim 45 further comprising the step of 
displaying a diameter value for the proximal reference and 
a diameter value for the distal reference . 

48 . The method of claim 45 further comprising displaying 
a minimum lumen area for a subset of the longitudinal 
section between the proximal reference and the distal ref 
erence . 

49 . The method of claim 32 further comprising superim 
posing a stent on the first longitudinal view . 

50 . The method of claim 32 further comprising displaying 
an alert frame on the user interface when an error measure 
parameter exceeds a threshold . 
51 . A method of displaying a representation of a longi 

tudinal section of a blood vessel having a lumen comprising : 
generating a set of data in response to distance measure 
ments of the longitudinal section using an intravascular 
imaging system , 

the set of data comprising a plurality of cross - sectional 
areas at a plurality of positions along the longitudinal 
section ; and 

displaying a user interface comprising a two dimensional 
longitudinal view of the longitudinal section , 

the two dimensional longitudinal view comprising a plu 
rality of cross - sectional area values , each of the cross 
sectional area values corresponding to a position along 
the longitudinal section . 

* * * * * 


