Osaka University Knowledg

DSAIC & 2 MENMFINRE D AIRILR & H85x MR E 5T

Title Bl
Author(s) |&H, #X; BB, B8, X, SEHA b
Citation |HAEZREHEFMES. 1988, 48(4), p. 480-496

Version Type

VoR

URL

https://hdl. handle.net/11094/20513

rights

Note

Osaka University Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

Osaka University




AABE R | 48 (4), 480—496, 1988 (#E63)

DSA & X % I &P I AR B8 oD W] A48 & HE St if 37 =+ 31

B B S BOAHRER 35

W BT AR E
#H L @R O RFSBAC FE T
ME H—  EH O 4 B B BT

(BBFN624E 6 A258 3 14)
(FBFN624E 9 A 7 BB ERSS )

Visual Display and Measurement of Blood Flow by DSA
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First Fourier analysis was applied to blood flow measurement in digital subtraction angiography
(DSA), to analyse a time-density curve obtained from each pixel of the image following a bolus injection
of contrast medium, to display the blood flow parameters on the amplitude and phase images to
calculate the relative blood vessel caliber and blood flow. Of the first Fourier fundarmental components,
the amplitude value for each pixel was representative of and proportional to the peak value of the
time-density curve. The phase value was proportional to the mean transit time of the contrast bolus
between the starting point and each pixel.

The phase image permitted a visual display of the mean trasit time of flow. A combined use of the
amplitude and phase information, by calculating a relative flow value for each ROI by dividing the
vessel volume by the mean transit time (MTT), allowed a quantitative comparison of the blood flow
among regions of interest (ROI).

To maintain a satisfactory proportional relationship between the time-density curve and the first
Fourier fundamental components, an adequate DSA sampling time to cover the full duration of the
density fluctuation was mandatory. A slight fluctuation in the value of the components was caused by
a prolonged injection or a probable diffusion of the contrast medium in the vessel.

The preliminary clinical application of Fourier analysis to blood flow measurement was
satisfactory and permitted the display of blood flow parameters on the visual images.

1. # B BE¥achsrs,

DSA (digital subtraction angiography) &% MEEF B S X Mk Eig L 7R
EEAE LT, mkELrERtTsss, 55 WAk iehote, LdL, ZOfcdo—iEE L
WIER S 118 4 R 4 o MR L3 5 % BR T, 19794F12 Adam HMZ X - THA bR, BES
LT B Ltk b DSA OERKREA B IZ— 23513 5 LEESES) O BRHETE L L CBAER b —

(64) HAERRIE $48E H45



BH Bk M4

~
L ~

4 . 3
\\ I I
N amplitude
N peak 7
bW 2 tl
%
1 ~— phase k (’1 fundamental
//=——" component
2 -peak time N /4 of the first
@ \‘-\ g Fourier
]
© \ /Z"“—' time-density curve
s
sampling time —

time —

Fig. 1 Schematic illustration of the time-density
curve and its first Fourier fundamental compo-
nents.
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Fig. 2 Block diagram of DSA image processing system. A computer application
system for nuclear medicine (Scintipac-2400) is lined up with a frame memory
and an array processor, capable to analyze the VTR image data in the DSA
system and display the summation, amplitude and phase images.
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Fig. 3 Diagrams of three types of the vessel models a, b and ¢ made of vinyl
fube, studied in the experiments 1, 2 and 3 respectively.
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Fig. 4 Amplitude image (a) and phaze image (b) in the experiment 1. On the
amplitude image a decreased flow through the stenotie segment of the right
hand side tube is shown in blue color, and the four ROIs and a starting point
Larrow) where the flow analysis was done are indicated. On the phase image,
flow velocity is shown in a variable representative color, in terms of delayed
appearance time equivalent to the phase difference, as indicated by the
color scale at the bottom of the figure : Slow flow iz shown in hot colors (red

at the pre- and post-stenotic regions of the tube.
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Fig. 5 Quantitative flow analysis by Fourier analysis of the time-density curve,
obtained from 80 frames of DSA images in experiment 1. The top row (a~c)
represents the results in a tube without stenosis, and the bottom row (d~f) with
stenosis,
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: Time density curves (TDC) at ROI-1 and 2 and their corresponding first

Fourier fundamental components (FC) and differential curves of FC
(DFC) are shown. DFCs, with the average value shifted to zero by the x
axis, permit an easy evaluation of phase shift and amplitude of the two
companion curves. ROI-2 shows a delay in phase and a slightly decreased
amplitude as compared with ROI-1. i

- Amplitude values plotted against distance, from ROI-1 through ROI-2,

which contains 200 pixels along the longitudinal axis of the tube. The
amplitude values remain fairly stationary ; excluding the proximal seg-
ment of the tube, where the higher values are shown with maximum
deviation by 10.7%.

. Phase and distance relationship, with a fairly constant relationship.
. TDC, FC and DFC at ROI-3 and 4. The ratio of the peak density values (a/

b=0.875) between ROI-3 and ROI-4 is equal, and between ROI-1 and ROI-
2 (Fig. 5a) is nearly equal, to the ratio of the peak values of their
respective DFCs (c¢/d).

: The amplitude values against distance. The amplitude values in the pre-

and post-stenotic regions are decreased by 6.8% and 1.3% respectively as
compared with the corresponding region in Fig. a. The stenotic segment
shows a greatly decreased rate by 0.46 (134/290).

. Phase and distance relationship. The curve for the tube with 50% stenosis

shows a steeper, twice as much gradient than that for the tube without
stenosis (Fig. 5¢), indicatintg a decreased flow velocity through the tube.
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Fig. 6 The experimental results comparable to Fig. 5, obtained with a shorter
sampling period (top row : 40 frames, bottom row : 25 frames). With 40 frames

little fundamental difference of the result is

revealed when compared with §0

frames. With 25 frames, a full duration of the density fluctuation is not sampled,
and shows a higher amplitude value at ROI-2 than ROI-1 and a lesser gradient

of distance-phase curve.
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2) WEM—BREE AR & HAK S O curve fitting
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Fig. 7 a. Calculated versus measured MTT (Experiment 2). b and c¢. Calculated
versus measured flow in a static (b) and rotational systems (c).
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Table 1 Relative calculated versus measured Ao L S| MTT (+ = 7 1 B bR
y d = 4 1 . ] =£ W o ¥ Ik ril v P -t N r i - =
flow volume (experiment 2 EH <3 2mm/ AR SR S v oly

"““-x inner diameter of tube (mm i (HEYmm @ F = — 7T flow rate 10ml/sec %
e (B ER_R__& 1.0& L) & 51 MTTGRHilD & 0BIGE % Fig.

fow cross sectional area {relative ) Ta loiR+. oS o B &80, 938, 15
ml/zec 1. 0 (. 488 0.180 0.115

amplitude IR S N _ i b il e
10 1.030 0511 0.179  0.122 At - MTI -‘i=-'-:.|'|r,_u|_'u'.."F’.—Jm_".lll (&
20 1.040  0.480 0.169  0.118 9mm S8 Ao L) HERL, =ML
30 1.020 1. 496 0.163 0.113 ’ , s at
f-ma o SORRE CEMHE b U A (A S
0 1.000 0.490 0.160 0.111 o L CHAHE) & oHEpBE LM

M #10.2%

mean 1.023  0.494 O.168 0117 e, COER, HBEGE0.097, MEEE
D AR TE B Tk < HEBIL 7 (Fig. 7b). # = — 7 RIziEB %
!

0.169  0.122 x o o MEBRR B0, 993, BUEERA10.5% TH

s B

20 0.986  0.451 0. 161 ;
A s EIE R e (T Ty

£ 30 1.000 0,482 0. 159 h, RERRERECH-1= Fig. Ve,
E i 1060 0.490  0.160 HE I  UsE+a-—-703 M Hf_H L
z . 1018 0.482  0.162  0.116 e T R e A S, S S
g P = : i 9 LT, MEHEERRICET SHEMHEYRD

+ 51 =0.033 +0.023 =0.005 + 01, {5
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Fig. 8§ Amplitude and phase images at the bottom, and the calculated relative
flow through the 3 segmental ROls at the top (experiment 3). Phase image

shows a faster flow in blue color along the outer wall of the vessel,
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Fig. % Clinical study ; stenosiz in the right internal carotid artery : JADSA. a
Original DSA images (top and middle rows}, and the summation and amplitude

images (bottom row). The summation image provides the combined informa-
tion on the amplitude (hlood volume) and phase (transit time), The amplitude
image highlights the temporal change of density, showing the large vessels
maore clearly, b, Time-density curves (TDC), the fundamental components
(FC) and their respective differential curves (DFC) obtained from ROls-1 and
2 ag indicated on the summation image. ¢. The phase image shows clearly “flow
separation” (arrow) just distal to stenosis in the internal carotid artery.
Relative blood Aow iz abnormally decreased in ROIL-2 (0.44),
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492 DSA 1= & %t MRS oo w38 (bt & 480 o AR -0

#1.00, 0.97, 0.93cH b, BB L 0BEEZ5%
LIFeHh -1,

HEFE»CEER~ZVLTh, Fhfhic
it % amplitude image ¥ I TF phase image 2%
I L L e = Fz. phase image (Fig. 8 H) T
ik, $HEAEAFERCOETHh6ETICENI->THE

BEEtao ML o Ay
WA LTS ENFRERTVS,
[z 3neds
R Y B MR %, TADSA (intraarterial
digital subtraction angiography) & IVDSA (intra-
venous digital subtraction angiography) 1= I

THERBEMIR L

Fig. 10 Clinical study ; stenosis in the left iliac artery, IVDSA. a. Sequential
[D5A images, the summation and amplitude images. Irregularity of the abdomi-
nal aorta and the iliac arteries are shown. b. Amplitude and phase images. The
phase image shows a faster flow in the center of the aorta ascompared with
along the wall, and a slower flow in the left common iliac artery as compared
with the right one, with a ratio of 0.21 to 0.64.
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ALIRFFETRT, o, 7v—a A ) ~DH
v 7Y v 7R E 7 v - Ak h L h, IADSA
Ti¥1/30sec, 1007 v — 4, IVDSA Tixl/5sec,
Td7 v —afERA LK,

fEGI 1 EAMEEBNIRIZE 63155, IADSA,

DSA i\, AR FHBIRIC K 0 7D
BbhsoT, zoRKEKLEMEBICROL1E
ROI-2 (Fig. 9a, TEk) #@ELT, # Vo
A DSA DRSRI—MEEHIR &, £ OEARS W, &
RSO B iR 2187 (Fig. 9b), R —RE
i LB OB X A BB A LRI, =
>0 ROI Iz k)5 peak fED L (a/b=1.81) %,
AW OIRMEMEL (¢/d=1.81) L% L<, ¥
o, BRRA—EEE fhiR o peak BFfE 0 21T IR 5
BoOMAEZE L RIFE LT, Thbb, EBE
Bk R, EEERGIIC 8\~ T b peak i & IE0E(E,
L OWpeak BREIZE L MAZ T L AL TV
Tz

# U w7 DSA {& & amplitude image % Fig.
9aizRd. MO DSABIRIZVv—akEnEE
FoE#CHB, amplitude image T, B
FlfiE oL W EEBIRCEARTH D, BRH
BLoD i SRR s EAAR SR, 0
T, hoBWHa < 72 b, amplitude
image 1= phase image (Fig. 9¢) ® /0% 7o
@p R 5o, phase image Ti%, WHEBINRLIH
WoEDI DIz, TO FHBERCHENREL
CERTWBZ EMNBIRICREhTWS, Zolll
HoEIIL, w5 D EEE (separation) &
WO RGN HELT 5, HNMEE (relative
flow)#: Fig. 9c @ Efilicrm Eh Tl b, BHEEIR
1.00ixt LT, WEBIRE0.44, #FHBRT0.35
ThHbH., BoHEOFML.00LUFicizsoix, EF
RBRBIR /e Efbo S~ ofitHiciEEL T3,
Lantz HIXIEH A0 MEE & LT, #BEHEHIR100%
LT, MERBIIRT6%, S EEIIR24% & WEY L
TW52, CORELEBTSE, Rkt
REHIRO MFREE DB L TW5Z L0
5L, TORAEE L ToR%ELDRFBEGRDSBHHE
il - 3 ool

fEG 2 @ AR E BiRE

BEFN634F 4 H25H

7215, IVDSA,
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DSA & & £ o mE & % L 0 amplitude image
FRUT, BREGC X 2EECBRTED, &R
DBEBIRCED S B (Fig. 10a), HxiipiE
(relative flow) # 5 TR 5 & (Fig. 10b, L)),
EE KEIR D100 L CHIEEEEIR T
0.64, EHBBEBIRTI0.21TH -1,

phase image (Fig. 10b) X4 0B EEIR %
W5 L, EMORMHEOENDER TMREE
T, ¥, BEIKENRS CAREE BRI
o B R CIMEEH ST, MEAMEFRTHES,
MEEET  TEVCERTF VR TH B,

6. & % _

MEFEROFHANCER LT, B Sf¥Er g
FEEOEEOMERYAIE L COEHHEE L &
X @ﬁ%{ L A T EEy~-eenanaenn - 3 [EfE X it
%, Lantz 59X % &, Hlz XEE4mm O
BT HRAIEBEEIMM HEFFCHRE L T44% L
TOBEFELH EMNEHIATWS, £2T
AT, &EFEICIIT 5 amplitude image @
RIEE b MEEE GIEE 2HETH &%
BEL, ThymETHsC Lo RBANCER &
h, BIRIGH%TT -7,

1M & e oo BEL ORI B A R — 7 A TRENT
HEARRBICR T, SEEORE X MR
& (BEX) thpTs8EcRRTENE, &
T bR 5 R —EREH AR D peak H (R AIRIE)
YEROMEBSFCHAIT 5HEMEL AiedZ &
NTEBES, FLTCSEDRBETIE, 2D peak &
0, —k7 =) =EROERKSEOWRIE, F7
b amplitude image OHRIEE & LFF 2 = &
b EFR &7 (Fig. 5a, d). L#L, —EOLAZ
DE=—NFa—TEHTIToERLIE
T (Fig. 5b, Fig. 6b), F a2 —7&£EiChbiz-T
B—EOREEIESWT, BERF = — 7 T1l%
DA (RO Ttk E <, BEFa—7
TRREOHMBE TR Y, HMUM (ROII) T
PRNPNEHTARLETH -7, Th bR
—IEE iR peak {H (RIB) OAZLE I # S L
Tuich(Fig. ba), FoXsHEELTAHY &
F 4 DSA 0% HRo—H o [ EOAHZEH N
HIFOhD, FoEh, BEEF - — 7EMACE
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1% peak [EDOEAITIEF = — T HIC KT 558
AOFRGBEE T THAHS5, BAEF 2 — 7Tk
T DIIBEDL 4B PME < K723 (Fig. 4, Fig.
5e), ZHIRIESF = — FIe BT B MEEEOET
CHCEZROFRS—B+ThiniErbh
5,

MR EDOR#Z T T 5 7=z, DSA o
Fif% & amplitude image ¥ X O phase image %
ERE LTz, # V<340 DSABOERIZE T
b, ERFEFNCEYEOER T v — A2 v T 5K
A EBHE, MFEORBGIETELS, MEO®E
P il Eh s 0T, miE (Fig. 9a T
) ok 2 otFRic i EmERR (Fig. 9¢
TEA® phase image) 2ot s E 2 bh
5, Zhicx LT, amplitude image (31 & 258
AL LI THh b (Fig. 4, Fig. 5e), &
R MEREH»KE S BT HME, Thb
bHERRCIE R EBRICR SRS, g
RS RS h, BEZELO/N S CIIEE SRS
TETW,

4 1% amplitude image # LTI = 5 o
RT3 MEFRLZRDA2, AR Imm L
EofE =71 (Fig. 3b) kW TZ o HETx
B MEOEHME & EREOREIX6.0%LL T T
HY, LHABHYEEREL URBA M2 EESTH
8.8%LITFTH-7(Table 1), =Dk 5 iliFitE R
Db hicDi3, BILEEN OERORIEEDOE
MEAGicfedic, SERCRTHAMESHO
FENEMEhicicdEELTW5,

amplitude image % & &I+ 5 1tk
ORBEERD B, Tichb, 1) MERN~EEH
K= F AFEAT S Z L0REE, 2) MERNTOEY
Kok, 3) NEHOAHEMNE TV RIC L 5HE
HOOTAH,4) v 7)) v 7ERoOTREIc L 5
EifREREHoNERE (Fig. 6d) it Th 5,
BHAEAD A — 7 AENEF T, B —RE
HRORRETER L, RIERMcL hHb R
eh, To—k7 — ) =DiRIE (amplitude) &5
P AR oA Lbh 5 5, BEFIEAL
DMEPNIC BT HIES £ — 7 Ao EHET
Hh, BEXETZT, o0k L CREEE
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DSA 1 X % itk AR FTRR AL {S & Hs i 3 4 543

##R D peak fE (EIE) & M AR O LLAIM 4%
N5 L, FHRMERCRTIRAE EER4E
LamaEMsH 5, ki, NEOTHERTHS
B, ZHRARROBERT L L TR AEH
Wick Biohs, o R13cm (R85 2) L
B CIRERBEIRFTCH -0, BT
FERENKED - T(EBR L, 3), Flokikcr,
ROIAo@EHEEDOBfIELHA 50T, TV Rk
% DSA BOOTHRIRERNTF LIS, BRI, 7
V=22 VRIZOWTTHBL, A AF AT
BVTR B 7 v— 4 4 % ) ALK X3 25 DSA
G& = 2 LU SMEINEY X h 2 B2
TEBOTC, WY 7 U — AP BRI T X e,
LaL, ML s BAMEEEMT, k2R
B MR RTEATE, FOLEBO INERE
B, T7cbb 7 v — a WML, BEO 7 L —
A2zl (OH) CHORIGTE W2 L23H -
o, TOBERIETVv—ADHFVTY v IR Y
B EBEBR R 2 VO CRIEHEME TS 5,
APFFE T, {I4H (phase image) A3 ¥ 58 @R
fH (time image) WHHI+ % & {HE L CTEBR> T
W, S RDSAFEATIC RS\ THRILT B 2 &5 -
fo. Tiebb, EEE1ICRWT, —FEORMENE
A ORI, #REMCAIL, hii
AEME & B35 = & 238 B e » 7o (Fig. 5e,
f, Fig. 6c), Z0E&icv+ v 7V v 7BE(7 v —
230 X - Tk (Fig. 5a, Fig. 6a), Mefs—
EMRLz0—R7 — ) =BROZXKRR S E D
fitting TRz % 5%, DSA 0 2880 v 7
Vv rzdhTwid (Fig. 5b, Fig. 6a), curve
fitting ORI MBARIC, FEEET 7ot i ERERE
LR HFIB RO BEMILE 5 7z (Fig. 5c,
f, Fig. 6¢c), v 7 ) v 7 PRARRE L8B4ttt
Pl HSE LIz (Fig. 6f),

phase image # i\ % &, FHEBHIZIZs 2 —F
NOWMED T s r BRI THLTERL
(Fig. 4, Fig. 8), BERAI s\ T & MAEFBLAELE
B s Mo &%, flow separation” (Fig.
9¢) LMW X % MFEOBIE S L O IER D
G N~ (Fig. 10b) 75 & BIBRc i © % 7o,
phase image 12 X b M H 0> 3 5 #) B R,
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Tisbh bt EER Y — OB R L EH LT
B ICR T e TER,

MTT o#Ek & LT, 4% phase image %
FRHL, ZBERTIMTT o 8IF8%6.5%
(Fig. 7a) @7z, —dAEUR##EHT 5 T,
ZEFRIC T B AAEEDOH A S M EE D
R s EB) 7z £ it E, MTT EORKE
LHEBEERRETEL,

phase image % time image & L CH T 55
EORMBEERELTH, EEFEAROFR -5 &
&, EEH O MENICE T 5IMBORGEHERH
Whh, KE—RERGOEFICL Y, HEOH
GIEA bW AR D 5, I BIRE e &
THEEH O RSB BB 5.
I LB e &1 X B IMAE RO BHE 23R — B
BHAR A T X BE82E 24 Uit i & O BERJIT o
T, FR3ICE T, BEMWTH -7, DSA iz
BWTik, #BoS/NhxmESTEMTY »—
T 7 ANER—HBICHACBRTWEDT, Zh
PR e BB TSR R 2R L €, MBI ORME
—REHBE~NOEEYBE I HDTHAHH
(Fig. 9b). TV R D 2 1 XL 8hic X 5 R
—REMROERORE Y ST THREORVE
BEFREIRE L DI, —k7— V) =FHRIC L 5
HERPE DR OMMEEFIET 2 AR ESEY &5 2
b,

55828 RFfE] mean transit-time (MTT) & L
T, WK, KE—BERBROE~D 52 —-2n
FIAERTER, Thbb, BH—REESEOE
L9, R ©— 7128 g8y e Ealh $a
TODL/28 — 7 EF -3 F OWAS LA, HE
FHBIFREL (cross correlation) @ v — 797 L HF|
A3hT&f, Eaic, mMEELED2SMIck
17 % R — R E RO RZE MTT) #, thb
DT A= EnBERDDHDTH BN, fl 2 iE peak
BflicouCid, B RRE —RE AR R S
NBBECIMH S A —2 L LTHERATES
», XBETVRO /4 X E, by
HEIhLTVORESTHS, fhp 7 2 —2%
Zd, Bz, Lantz H50FEHY0 L 5 08
OEELFIIRT Wi EDEHSANR DY, BEKER
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CERTo & Bbh b,

mean transit-time method THEH &k %21
Mk &, HE L AfEE o &5 0 F1mae
FIMIT i3 528 Cch 2 6h, XORBERME
FOFARBECHKFT5, M, NEERY
HPIFERCRY, ZhEMRRAT A -2 2 HWT
Bonle MTT % FH 3 b e f 5 & o #3# 5
Bonsy, ZOHETREEAERENKE L
3 ¥% & ZhT Xk, 22 THRA3, phase
image 2*6 MTT {E#%, amplitude image %% If
AR MAME TR THENMKEELTE T 5
iwclic, ALY, ERRBICSTAAIE
M#1310.5% (Fig. 7c) TH - 1o,

HXHERZ VB & EoFl &, 2 iEDSA &
DIMERED CEFHROENELRDD & L1XT
e Th, HABGREDNEEENLE ST
MEEDHERD B D, O AR T,
DSAfo v FAEESFHEYHELTT7 A EiIz
olEEic, 70 3 B L&A T DSA JRE &
DOHPEB DRI B0, HEHERE > o CcRBH
BHiWTHAS, AEOHEIL, Lantz b0
VDT?91019) L R M & % A5 HiETRD, =0
BETETHEONDIATEREHEL-Z &
5, Bz, B, 8835 RO 2 EL &
A, amplitude image ®IFIE(E & phase image
DfAE BT % B T ORI BN X 1L
ThT, BwF—2238Bbh3%, F&ETR, QR
DT ELBELHEBEAOER L MTT &0 E L
T EOHELX R > T B0 T, WEd:T
HEBD ROl DA E X —FIoTAHERRL,
FRCRETEZHO0VFRTHS, Sbic, ME
BEE TR, BERGCLEEHOBEASLYE, #F
THEEREWCE DEHEL TNV, EER
LTEELT -2 ZENEILB LR ZHS L E
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