US010575792B2

a2 United States Patent

Halter et al,

(10) Patent No.:  US 10,575,792 B2

(54) SYSTEMS AND METHODS FOR
CARDIOVASCULAR-DYNAMICS
CORRELATED IMAGING

(71) Applicant: THE TRUSTEES OF DARTMOUTH

COLLEGE, Hanover, NH (US)

(72) Ryan J. Halter, Lyme, NH (US); Keith

D. Paulsen, Hanover, NH (US);

Alexander Hartov, Enfield, NH (US)

Inventors:

(73) THE TRUSTEES OF DARTMOUTH

COLLEGE, Hanover, NH (US)

Assignee:

(*) Notice:  Subject to any disclaimer, the term of this
patent is extended or adjusted under 35

U.S.C. 154(b) by 0 days.

This patent is subject to a terminal dis-
claimer.
(21) 16/278,703

(22)

Appl. No.:
Filed: Feb. 18, 2019

Prior Publication Data

US 2019/0183432 A1 Jun. 20, 2019

(65)

Related U.S. Application Data

Continuation of application No. 15/328,981, filed as
application No. PCT/US2015/042306 on Jul. 27,
2015, now Pat. No. 10,206,632.

(Continued)

(63)

Int. CL
GO6K 9/00
AG6IB 5/00

(51)
(2006.01)
(2006.01)

(Continued)

--------------------

INTEREST

45) Date of Patent; *Mar, 3, 2020
(52) US.CL
CPC ...ooooo. AGIB 5/7289 (2013.01); AGIB 5/0205

(2013.01); A61B 5402416 (2013.01);
(Continued)
(58) Field of Classification Search
CPC . A61B 5/7289; A61B 5/0205; A61B 5/02416;
AG1B 5/02; A61B 5/50; AG61B 6/0306;
A61B 6/504; A61B 5/7246
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

2/2019 Halter
2/2005 Ahearn

A61B 5/7246
GOIN 33/80
435/5

10,206,632 B2*
2005/0042602 Al*

(Continued)

Primary Examiner — Amir Alavi
(74) Attorney, Agent, or Firm — Lathrop GPM LLP

(57) ABSTRACT

A method for cardiovascular-dynamics correlated imaging
includes receiving a time series of images of at least a
portion of a patient, receiving a time series of cardiovascular
data for the patient, evaluating correlation between the time
series of images and the time series of cardiovascular data,
and determining a property of the at least a portion of a
patient, based upon the correlation. A system for cardiovas-
cular-dynamics correlated imaging includes a processing
device having: a processor, a memory communicatively
coupled therewith, and a correlation module including
machine-readable instructions stored in the memory that,
when executed by the processor, perform the function of
correlating a time series of images of at least a portion of a
patient with a time series of cardiovascular data of the
patient to determine a property of the at least a portion of a
patient.

15 Claims, 32 Drawing Sheets

200
4

e

PROCESSING DEVICE 210

60 ’—’

|

PROGESSOR '
20 .

INTERFACE
20

'

¢ MEMORY 240

IMAGE DATA
22

; i CARDIDVASCULARDATA
23

SPATIAL RO!
256

INSTRUCTIONS 260

T IMAGE RECONSTRUCTION ™™

STGNATIRE !
IDENTIFICATION 286 |

: . CORRELATION RESULTS 2

B




US 10,575,792 B2
Page 2

Related U.S. Application Data AG6IB 6/037 (2013.01); A61B 6/469 (2013.01);

GO6T 2207/30048 (2013.01); GO6T

2207/30068 (2013.01)

(60) Provisional application No. 62/028,949, filed on Jul.

25, 2014, (56) References Cited
U.S. PATENT DOCUMENTS
(51) Int.ClL
A6IB 6/00 (2006.01) 2006/0217614 Al* 92006 Takala ...oooooocooooce. AG1B 5/02
A61B 5/055 (2006.01) ) ) 690/481
GO6T 7/00 (2017.01) 2006/0265022 A1* 11/2006 John ...oo.ooooc.... A61B 5% 1()4175/22
A6IB 5/024 (2006.01) 2007/0060821 AL* 32007 Cohn oo A61B 5/02
A6IB 5/1455 (2006.01) 600/481
AGIB 5/0205 (2006.01) 2007/0066898 AL 3/2007 Hendriks et al.
AGIB 5/053 (2006.01) 2008/0027330 A1*  1/2008 Naghavi ............. A61B63i)(33(§%
GOGF 19/00 (2018.01) 2009/0262999 Al 10/2009 Shinagawa et al.
AG6IB 6/03 (2006.01) 2010/0041963 Al* 2/2010 Haider ................. GO6T 7/0012
A6IB 5/0245 (2006.01) 600/301
A61B 5/026 (2006.01) 2010/0062431 Al*  3/2010 Kozian ............. C12Q 1/6883
(52) US. ClL 2010/0087738 Al 4/2010 Fornwalt et al BIEAS
CPC .. AGIB 5/055 (2013.01); A61B 5/0536  5010/0185085 AL 72010 Hamilton
(2013.01); A61B 5/14551 (2013.01); A61B 2010/0222652 A1* 92010 ChO .ocovvveeirerrn A61B 5/00
5/7246 (2013.01); A61B 6/463 (2013.01); 600/301
AGIB 6/486 (2013.01); AGIB 6/487 (2013.01); 201110034506 AL 22011 Hartov et al.
. . / b, L 0SS
A61B 6/502 (2013.01); A6IB 6/503 (2013.01); 2013/0123617 Al 5/2013 Sola I Caros et al.

AGIB 6/504 (2013.01); A61B 6/5235 2013/0184581 Al 7/2013 Hendriks et al.
(2013.01); A61B 6/5247 (2013.01); A61B 2013/0245441 Al 9/2013 Datta
6/5288 (20]3.0]); GO6F 19/00 (20]3.0]); 2016/0256277 Al*  9/2016 Ku ..ccoovevivviveennnn. AG6IF 2/2475
GOG6T 7/0016 (2013.01); AGIB 5/024 2017/10251931 Al: 9/2017 Prakash ............ A61B 5/02007
(2013‘01); A61B 5/0245 (2013101); A61B 2017/0343464 Al* 11/2017 Guadagno .............. GOIN 33/92
3/0261 (2013.01); A61B 6/032 (2013.01); * cited by examiner



U.S. Patent Mar. 3, 2020 Sheet 1 of 32 US 10,575,792 B2

100

150

v

IMAGING | PROCESSING

DEVICE
10 160 DEVICE 130

CARDIOVASCULAR m

145 MEASUREMENT

DEVICE 120
\ T 140

FIG. 1



U.S. Patent Mar. 3, 2020 Sheet 2 of 32 US 10,575,792 B2

200
S
¥
'pAT,ENTMO """"" C AF"%DT@\"/KS"C"L?L"AF?”"E
; - 3 © MEASUREMENT DEVICE !
; 3 S 20
: e i
L AU AR PN,
P P ' IMAGING DEVICE :
L INTESSEST — - 0 |
150 \4
PROCESSING DEVICE 210 Y Y
PROCESSOR INTERFACE
230 220
MEMORY 240
INSTRUCTIONS 260
DATA STORAGE 250 T IMAGE REC@N@TRUC’T’ION””{
_ : 268 |
IMAGE DATA .
22 ' CORRELATION 262 |
CARDIOVASCULAR DATA CTTTRESAMPUNG T
[ SPATIALROI i 3 {””””’"'S'iéNA’TUﬁE"WW! ‘
- N | ___IDENTIFICATION264 | !
| CORRELATION RESULTS 2,5,8_ | ?'S'ﬁéﬁmfgﬁﬁgﬂﬂéﬁ?
CUTUBARNMETERS T L ||
R 2% o | TEMPORAL CORRELATION © |
o | Y. R

FIG. 2



U.S. Patent Mar. 3, 2020 Sheet 3 of 32 US 10,575,792 B2

300

GENERATE TIME SERIES OF IMAGES OF AT E
LEAST A PORTION OF A PATIENT {
302 t

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ i RECORD TIME SERIES OF |
T CAPTURE TIME SERIESGFIWAGE ™% ¢ |
| SATA IN NON.IVAGE FORI | /-~ CARDIOVASCULAR DATA FOR PATIENT |
j ! : ! .3..0..8.. ;
L 304 b |
Tt Trrmmm I : """"" TrTT T e
| i f !
. | A i |
- {7 RECONSTRUCT TIME SERESOF | | |
| IMAGES FROM TIME SERIES OF IMAGE | ! !
R DATAS | |
e S :
{ {
y Y
EVALUATE CORRELATION BETWEEN TIME SERIES OF IMAGES AND TIME
SERIES OF CARDIOVASCULAR DATA
310
R ) | S }
| ANALYZECORRELATON | | EVAégégifgﬁggRAL |
| BETWEEN TIME SERESOF | ! " N
| IMAGESANDHEARTBEAT | | 2L | ]
' CYCLES IDENTIFIED FROM TIME |
1 i [ }
| SERIES OF CS\ETDAOVASCULAR ! EVALUATETENPORAL |
: P CORRELATION !
| 40 oo 314 |

DETERMINE PROPERTY OF AT LEAST PORTION OF PATIENT

320

l

i

i U S ,
R .| GENERATE AT LEAST |
| DERIVE DIAGNOSTIC RESULT FROM PROPERTY | | ONE CORRELATION- |
| 330 || INDICATING IMAGE |



U.S. Patent Mar. 3, 2020 Sheet 4 of 32 US 10,575,792 B2

400

N

MEASURE A TIME SERIES OF A PLURALITY OF VOLTAGES AT A RESPECTIVE
PLURALITY OF SPATIALLY SEPARATED ELECTRODES IN CONTACT WITH
PATIENT
410

|

RECONSTRUCT TIME SERIES OF EIT IMAGES FROM TIME SERIES OF PLURALITY
OF VOLTAGES
420
' RECONSTRUCT TIME SERIES OF SPATIAL DISTRIBUTIONS OF ELECTRICAL i
CONDUCTIVITY CHANGES E
430 |

..................................................... |

i DETERMINE EACH SPATIAL DISTRIBUTION OF ELECTRICAL

! CONDUCTIVITY CHANGES USING FINITE ELEMENT BASED LINEAR
2 DIFFERENCE ALGORITHM

| 432

_________________________________________________________ i
|

[
[
| |
] I
1 |
| }
[
[
[
[
| |




U.S. Patent Mar. 3, 2020 Sheet 5 of 32 US 10,575,792 B2

500
RECEIVE TIME SERIES OF IMAGES, RECEIVE TIME SERIES OF
WHEREIN IMAGE DATA IS CAPTURED CARDIOVASCULAR DATA RECORDED
AT A FIRST SERIES OF TIMES AT SECOND SERIES OF TIMES
210 220

RESAMPLE AT LEAST ONE OF TIME SERIES OF IMAGES AND
TIME SERIES OF CARDIOVASCULAR DATA TO SYNCHRONIZE

FIRST SERIES OF TIMES WITH SECOND SERIES OF TIMES
530

532 |

EVALUATE CORRELATION BETWEEN MUTUALLY
SYNCHRONIZED TIME SERIES OF IMAGES AND TIME SERIES
OF CARDIOVASCULAR DATA
540
T
e oRAL 1 ANALYZE CORRELATION |
| " | BETWEEN TIVE SERIES OF
o Ae | IMAGES AND HEARTBEAT |
e ' CYCLES IDENTIFIED FROM |
| | TMESERESOF |
" EVALUATE SPECTRAL | | :
U ORRELATION | | CARDIOVASCULAR DATA |
| 544 N 240 |




U.S. Patent Mar. 3, 2020 Sheet 6 of 32 US 10,575,792 B2

600

Sy | DEFINE SPATIAL |

? ROI |

oo

&&&&&&&& e ]

|

DETECT AT LEAST ONE S — L — ,
CARDIOVASCULAR SIGNATURE IN TIME | EXTRACT,FROMTIME SERESOF |
SERIES OF CARDIOVASCULAR DATA TO . IMAGES, RESPECTIVE TIME SERIES OF !
IDENTIFY AT LEAST ONE HEARTBEAT . POSITION SENSITIVE SIGNALS EACH |
CYCLE | REPRESENTING SAME SPATIALRO! |
610 620 ;

: - P

REFERENCE TIME SERIES OF IMAGES (OR POSITION SENSITIVE SIGNALS) TO TIMING OF
HEARTBEAT CYCLES
630
3 IF HEARTBEAT RATE {S NOT CONSTANT, RESAMPLE TIME SERIES OF
' CARDIOVASCULAR DATA, AND IN ACCORDANCE THEREWITH TIME SERIES OF IMAGES
i (OR POSITION SENSITIVE SIGNALS), TO EMULATE CONSTANT HEARTBEAT RATE
: 632

ANALYZE TIME SERIES OF IMAGES {OR POSITION SENSITIVE SIGNALS) AS A FUNCTION OF
TIMING WITHIN HEARTBEAT CYCLES
640
DETERMINE ONE OR MORE PARAMETERS
INDICATIVE OF SPECTRAL AND/OR :

TEMPORAL CORRELATION BETWEEN TIME COMPARE SPECTRAL AND/OR

SERIES OF IMAGES AND HEARTBEAT TEMPORAL DISTRIBUTIONS OF
CYCLES TIME SERIES OF IMAGES AND
642 TIME SERIES OF
! REFLECTING CONSTANT
- I L HEARTBEAT RATE
COMBINE TWO OR MORE PARAMETERS TO | 846

S — ymmmmmmmmmmmmmmo-i 1 CARDIOVASCULAR DATA,
i

3 ASSESS DEGREE OF CORRELATION




U.S. Patent Mar. 3, 2020 Sheet 7 of 32 US 10,575,792 B2

700

\‘

CALCULATE TEMPORAL CORRELATION COEFFICIENT, BETWEEN TIME SERIES
OF IMAGES OR POSITION SENSITIVE SIGNALS AND TIME SERIES OF
CARDIOVASCULAR DATA, AS A FUNCTION OF PHASE SHIFT BETWEEN TIME
SERIES OF POSITION SENSITIVE SIGNALS AND TIME SERIES OF
CARDIOVASCULAR DATA
710

|

DETERMINE AT LEAST ONE OF (A) MAXIMUM TEMPORAL CORRELATION
COEFFICIENT AS A FUNCTION OF PHASE SHIFT AND (B) PHASE SHIFT AT WHICH
MAXIMUM TEMPORAL CORRELATION COEFFICIENT IS ATTAINED
720

FIG. 7

800

EVALUATE SPECTRAL DISTRIBUTION OF TIME SERIES OF POSITION
SENSITIVE SIGNALS, REFLECTING CONSTANT HEARTBEAT RATE
810

CALCULATE ONE OR MORE POWER SPECTRAL RATIOS
812




U.S. Patent Mar. 3, 2020 Sheet 8 of 32 US 10,575,792 B2

900
-
¥
PATENT 140 ..  CARDIOVASCULAR
3 o ; - MEASUREMENT DEVICE !
: : 1= 120 ‘
; ! b el
§ f""A‘RE‘A‘O’F """" ¢ s [ v e
o WieResr o] MAGNGDEVCE | |~ g
P B i
§ : 150 —
{1 SECOND AREA™ | SECOND IMAGING |
{ | OFINTEREST }—o >  DEVICE |
S SO Mod b M0 e
bt : 950 wl
PROCESSING DEVICE 912 YV ¥
PROCESSOR INTERFACE
230 220
MEMORY 940
INSTRUCTIONS 960
DATA STORAGE 250 B |

RGO ||| MAGERECONSTRUCTON |

" CARDIOVASCULARDATA 1 | | ! CORRELATON 1

¢ 2’5’4—: ; | I

I 2 SR e } 2.6_2 i

. SPATALROI 3 B

AU S—— IMAGE OVERLAY |

'CORRELATIONRESULTS 288 | | | oot ]

| PARAMEIERS | SPATIALROISELECTION |

A — 28 | | 964 :




U.S. Patent Mar. 3, 2020 Sheet 9 of 32 US 10,575,792 B2

' :
|
Y

U I PG | GENERATE TIMESERESOF |
VETHOD 300 ™~ METHOD 300 | SECOND-TYPE IMAGE, OPTIONALLY |
L | FROM IMAGE DATA CAPTURED |
i s ' CONCURRENTLY WITH IMAGE DATA !
| | | OF TIME SERIES OF IMAGES OF !
| | | STEP 1002 |
Y Y | 1006 ;
PERFORM STEP 310 OF METHOD S —— e |
300 - |
1010 u |
| |
l ' |
prTmm s Tsm e i y :
E PEORFFﬁng%%Eg’O%QO | PERFORM STEP 350 OF |
| 1020 | METHOD 300 x
| |
i
|
" PERFORM STEP330 | | OVERLAY CORRELATION-INDICATING IMAGE(S) |
' OFMETHOD 300 | |1060 &
| 109 T [T l
“““““““““““““““““““ | OVERLAY CORRELATION- | OVERLAY CORRELATION-
| . INDICATING IMAGE(S) ON !
' INDICATING IMAGE(S) ON | | |
| TIE SERIES OF IMAGES | | TIME SERIES OF SECOND- |
| . TYPE IMAGES :
: 1002 ’ 1064 |

FIG. 10



U.S. Patent Mar. 3, 2020 Sheet 10 of 32 US 10,575,792 B2

GENERATE TIME SERIES OF
SECOND-TYPE IMAGE, OPTIONALLY
FROM IMAGE DATA CAPTURED

| JEREORH L) TERORM ' CONCURRENTLY WITH IMAGE DATA
 STEP302OF 4 4 STEP 304 OF | OF TIME SERIES OF IMAGES OF |
" METHOD300 | |METHOD 300 | i |
i 1002 L g4 ! STEP 1002 !
e I : 1006 |
””””””” i I ; !
| | S ,
| [ ‘
Y Y |
PERFORM STEP 310 OF METHOD |
300 i
1010 %
| |
}
v ;
. PERFORM STEP 320 | §
| OFMETHOD 300 ! ;
~ 1020 3 z
b e i
’ |
: |
N | A | \ A4
| PERFORMSTEP330 | |  OVERLAY ATLEAST APORTION OF TIME SERIES OF IMAGES,
' OFMETHOD300 : | MEETING REQUIREMENTS TO CORRELATION WITH TIME SERIES
| 1030 " | OF CARDIOVASCULAR DATA, ON TIME SERIES OF SECOND-TYPE
IMAGES
1160

FIG. 11



U.S. Patent Mar. 3, 2020 Sheet 11 of 32 US 10,575,792 B2

1200

Ty

RECEIVE N TIME SERIES OF IMAGES AND N TIME SERIES
OF CARDIOVASCULAR DATA
1210

' '

RESAMPLE N TIME SERIES OF IMAGES 70 IDENTIFY SINGLE HEARTBEAT CYCLE IN
MATCH TIME SERIES OF N TIME SERIES EACH TIME SERIES OF CARDIOVASCULAR
OF CARDIOVASCULAR DATA DATA
1220 1230

' '

EXTRACT SINGLE HEARTBEAT CYCLE FROM EACH TIME SERIES OF IMAGES AND TIME
SERIES OF CARDIOVASCULAR DATA
1240

'

RESAMPLE, FOR EACH SINGLE HEARTBEAT CYCLE, TIME SERIES OF IMAGES AND TIME
SERIES OF CARDIOVASCULAR DATA TO EMULATE CONSTANT HEARTBEAT RATE
1280

:

CONCATENATE INDIVIDUAL HEARTBEAT CYCLES TO FORM TIME SERIES OF IMAGES AND
TIME SERIES OF CARDIOVASCULAR DATA THAT SPAN N HEARTBEAT CYCLES
1260

'

ANALYZE CONCATENATED DATA TO CALCULATE PARAMETERS INDICATIVE OF AMOUNT OF
CORRELATION BETWEEN TIME SERIES OF IMAGES, FOR SELECTED ROI, AND HEARTBEAT
CYCLES
12170

FIG. 12



U.S. Patent Mar. 3, 2020 Sheet 12 of 32 US 10,575,792 B2

1300

e
_ ‘(ﬁ\,/ 1340
2 @ 1350
2 '‘
g 3
= SIGNAL v
a GENERATOR EMF
1365
1320 CONTROL
2l USB PC TRiGeer] ‘MU
COM . ,
L\\ L\
1370 1360

FIG. 13



U.S. Patent Mar. 3, 2020 Sheet 13 of 32 US 10,575,792 B2

FIG. 14A

A 1420

FIG. 14B

& —— 1430

R




U.S. Patent Mar. 3, 2020 Sheet 14 of 32 US 10,575,792 B2

Timne: (se)

4 i Evcitation
Fraguency (M2}

1532
A
S
1534

2 Hz BExcitalion
Time {seo}
4
Frequency (M2}

FIG. 15A

1524

5

1 e Excitation
4
Frequency (H2)

2

o ; - m
¥ ¥ e s a{; o

k3

: o3
/4 PR W THER ottt \
o

1512



US 10,575,792 B2

Sheet 15 of 32

Mar. 3, 2020

U.S. Patent

{334} Aousardsnidg

s vz

R i

3

{wos) euny

,Mw

wm;\w

‘o

dagl Old

. .A ¥GG )
{2443 Aousenbalg

{2143 Anusnbaldg
mm L\ 8 o ¥ Fl

150

£ ¥ &

S W et i
{oss) Buug

{ons) puny,
3

o3

LIGHBEONT 244 L

/4 SHUSS ML

val



US 10,575,792 B2

Sheet 16 of 32

Mar. 3, 2020

U.S. Patent

CRfE T ST SOIIDENP &

,w@ wﬁm %ﬂm AR mﬁ em mﬁ% 3 xm«mxmw m \wﬁﬁwmaﬁﬁw %

QL8

RLG
¥ 618
L% $1°6
ie PO
g1 $EQ
571 8y
A S
£1 £F
Y 18
¥e £3°8
8 S H
i 2o

i
Yoo
T80
384
Qi
PR
49°0
HHFG
‘g
4
it
tei

48

P
M f:f‘“ s

w,.
G
¥
<

L1070 BRI IE09

TEOD vy jsovoe semepdsaasssaBond prsany svomsBorsgg WL
SR ”mw,m,. GEOD S8 S 4 1

QL0 1k SOO0W
110 888 0900 {mompresd oy sroousBonsoy

TUTG wﬁ giio mogmesmesyvid pesgy %ﬁuﬁaﬁ.@@ﬁ
9y 6E7 ﬁ g mogzesgnemepd poviy snostuaBorsioy
PEOD £2  OSorg- wespppdoamseifond prxge snosasdolopy
BELDR A5 BIYG Eﬁmﬁ A5 ﬁ,xﬂm poxypy  snomnBogy e
SOTD 65 STOGe W IRRBHERY  ShonadoIoyngy
9RO £5% 8000

b
RS RTY sion neoprdseaosssBond powiy snovusBonn
SIYG- §5 SE00-  (moyses) wreulyepy iy

¥
£ frc B O
¥ pr I €101 &
%u
GoIXeYuELY i ¥ a8 %
FERRIXLE 1 " OO 4
LR s A - S &
mm ; wnwmf ¥ ¥ ¥
TEGE v 0 b
LiEgiuet T 1 3
¥
Pood 0% Z
44 T 4y i
pLici gt

ALy R Y e % SR reteii ittt iians Higg e g pEndy I Oy
SO sl 10000 SRImsRIpN wkxﬂmﬁa 3 SYPRLIORISN) Junneg

d

EOLISTERADYEVELD LNEILYE S0
AV L




U.S. Patent Mar. 3, 2020 Sheet 17 of 32 US 10,575,792 B2

FIG. 17A

FIG.17B



U.S. Patent

Mar. 3, 2020

Sheet 18 of 32 US 10,575,792 B2

)} 2 'g\’ ;\ &% e‘\ :/ h\\ h‘\ ‘} '\,

} iy P i 3 £ i3 HEE

s 5 H i% HENY i P 3 P

) i R PN i Y HE
= &R { I N PN P Py ;
. i ; % PN PN { i i , 3
. N % : i \\. i “ 3: 1. i B i i \\ J
> I U
; ; ad S f N, N i

3 4 B & 7

or
AN

2 b3
) TRy
A YA R I
Y Pt S e
LI TN 15 R BERA
pEA TR A
{} S / ST PR
B : RIRT I R
H v i
Y
i
i
u

~d

o B

Time (sec)

Y
&
Lan
G

7 5 4840

K0

4% i ;
5 8

2

3 4
rs = 0.32, Powsur = 0.96, Phigh:full = (.44, Plow:high =13 V//

§\'\
iy
H
A P A e
v Vo Y iy N e T ageeia e T e e iy A o x4
1 2 3 4 8 8 7 8

Frequency (Hz)

FIG. 18




U.S. Patent Mar. 3, 2020 Sheet 19 of 32 US 10,575,792 B2

1 £ 8 5 ! 5
; i3 I Y i f B
} £ ;k (3 S B "
s % Py \ | i Y
- [ 1 i i
> 8 o} o ; * kd \ O H
PR R s i ;

ox
-
B3
S
Lo
o
<
§

Time (sec) /

el
T

0 < Y e s s 3 H
1 2 3 4 5 6 7 8 140

.
¥ 13

rs = 0.0063, Piowsun = 0.77, Prightan = 0.23, Prownign = 3.4 Vf/

AY

e b L i
Frequency (Hz)

FIG. 19



US 10,575,792 B2

Sheet 20 of 32

i

e £%
cRis]

¥

b

w

Prome

¥ g fen IR T )
G 880 gD 88

G P

PERTE]

AR

Ve AEn SL0 Etip  tic | Becu Faddry
‘4 820 €90 £50D £3F S0 Pt
13 %86

3z
N

0 Lo (00 8 g20n 8100 48 240
L £10 96 G £EL IB20
g g Git B9 £BL MNO

mwﬁm ﬁ&ﬁ
BLE
BZE
b

¥ Ay mw
¥ diow

SRS 1 TR
EEeo wmw_m
BRI R

v (R
LT 38
gwrn PRl
BAYG £R
S0 o

SRR PN

50 B IO

2

ey o o
ot 0 0

£ 4 b

P
£

T € O 0D

mﬁw@ wwamm

WL o

el it i o ‘o it O i

3

Mar. 3, 2020

SUREM HEIRNE oty SHITSRAN PAIEID T SOUEN BSOS 880 SHITTSEOP] BAREIIY

LIIaG FERARTS

U.S. Patent

V0T 0 ARV HOYE SO THENS a0 BH VSO BIN S wHONYD (O TN D '
83




U.S. Patent Mar. 3, 2020 Sheet 21 of 32 US 10,575,792 B2

2110 2120 2130

N N\ N

.35 250 0.2%

G530

ﬁ ‘_235‘3 ..............

R IR

SPECTRAL CORRELATION MAXIMUM TEMPORAL

CORRELATION

COEFFICIENT r;

B -

LOWFREQUENCY POWER  HIGH FREQUENCY POWER  LOW-TO-HIGH POWER
SPECTRAL RATIO, Piowiut SPECTRAL RATIO, Prighius SPECTRAL RATIO, Piwign
. A A
2450
2140 2160

FIG. 21



U.S. Patent Mar. 3, 2020 Sheet 22 of 32 US 10,575,792 B2

1.08 -

td
4
fvz
§ F
¥ ¥

‘{}‘8{} 14 g ?;!‘

*;’f

e

(i,
ati,

s PR

............ | S i

Rt ot o el o)t g

Pl ; £ ’ @ﬁ{?} rsﬁj

GE -

——p
""""" e

I bamag

P fowdtal

FIG. 22



US 10,575,792 B2

Sheet 23 of 32

Mar. 3, 2020

U.S. Patent

€Z "ol

REOO0
86000
COBG0
Eighiin}
1600°0

L9
LoD
180
Q00

LLO
LLD
LL0
LL70

ol L0
$oL0 120
LEDO e
9010 b
w N% mx@ Mw
60170 Lo

e

NS

SERLEWYHY S HHAOCATIVEHILSHAS ORYVTIVEHGAWH L GHIODVYEIKE HHL SO HDVE O S HW TV 3INIT

[ 91EV1




U.S. Patent

Mar. 3, 2020

Sheet 24 of 32

US 10,575,792 B2

Patient
Number

Age al
exam

BMI

Weight Height Radiographic

(Ih)

Density

1

DBl DR LA e L bl

48
48
49
60
41
6y
69
31

252
34.5
2846
392
28.0
229

123

Normal Cohort

60
39
54

51
37

anknown
S
D




US 10,575,792 B2

Sheet 25 of 32

Mar. 3, 2020

U.S. Patent

G¢ "Old

prAysind
sy g

¥

Bt g

5 .

by

g

T e s s Tsnneusfoingayy  dwpubon]  demoosy  BOL X o X 6 R =y

4

snowmalouogy

sepiay PRSI X T

! W

oo neagepl

repfsan

i i ol

semepdasmesatond

PORIFY snoaueBoreivn

Fepdang

asprdanyg

motEaaanyEd

POKIEY el g b

sepaBary

™3
E

4
e
4

B
o
ey

i

g g

supofonneyy

{puses

awprio,

o

wmuEae (oo

nerpdoamsarsont

SOOI SAISTAT G PUKHN sunpasfornngg sepyfossy SE R AL WY ¥y Bt b
Y {mowsns) mendye Y sepaiag £ M IEH LY £ 3 i

AHopapneg adowy

RIIULY FEFREL I

SREGALEY

adeys
woEy

LU R T )

L

DY

syueipenb
gasjosiy

BPIE
Y

FESTT
EET R




US 10,575,792 B2

Sheet 26 of 32

Mar. 3, 2020

U.S. Patent

SWI GG, SWOGH. SWGZ6.

V9¢ Old

SWGEOy SWQ00P SW G/6E

*e

Bl 06

s 67

st



U.S. Patent Mar. 3, 2020 Sheet 27 of 32 US 10,575,792 B2

NORMALIZED
PULSE-OX

SIGNATURE

e | FIG. 26C

S

Ao CANCER
PIXEL (mS/mm)

Ao BENIGN
PIXEL (mS/mm)

TIME (SEC)



U.S. Patent

Mar. 3, 2020

Sheet 28 of 32

FIG. 26E

US 10,575,792 B2

%




U.S. Patent Mar. 3, 2020 Sheet 29 of 32 US 10,575,792 B2

FIG. 27A FIG. 27B FIG. 27C
i Left Right Left

&R L

YR L

ORL

01 0 01 02 03



U.S. Patent Mar. 3, 2020 Sheet 30 of 32 US 10,575,792 B2

14 - e e
OCancer {N=8] _

0.12 -PBenign {N=10]

0.1 -

008 -
00 -

0.04 -

CORRELATION COEFFICIENT

0.02 -

FIG. 27D

3
&
i e
( ’ 8 H 3
i
[l H a

0.4 - R

SENSITIVITY

021 -
AUC = 0.85

0 02 04 06 08 1
{ . SPECIFICITY FIG. 27E



U.S. Patent

Mar. 3, 2020 Sheet 31 of 32

US 10,575,792 B2

Patient
Number

side

Correlation  Correlation
Copefficient  Coeflicient

{right

{left)

ratio

[ o g A

A e

pelioviio s g il B el s o

(.2093
(L0068
(.1084
00649
30929
(10454
335

(L0795

(.0681
0.1204
(0148
0.0287
0.1774
0.0092
0.0804
0.2182
0.0723

25.84
17.71
7.28
5.86
1.91
0.20
345
0.91

FIG. 28



U.S. Patent Mar. 3, 2020 Sheet 32 of 32 US 10,575,792 B2
0.25% - .
[Cancer {MN=10}

_gﬁ*ﬁ%@;ﬁ {N=134})

.

CORRELATION COEFFICIENT

FIG. 29A

{3

C 060 - ’

0.20 - !- o

Ra AUC = 0.85

SENSITIVITY

0000 020 G40 0.60 {180 1.068
1- SPECIFICITY FIG. 298



US 10,575,792 B2

1
SYSTEMS AND METHODS FOR
CARDIOVASCULAR-DYNAMICS
CORRELATED IMAGING

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application is a continuation of U.S. patent
application Ser. No. 15/328,981 with a § 371(c) date of Jan.
25,2017, which is a 35 U.S.C. § 371 filing of International
Application No. PCT/US2015/042306, filed Jul. 27, 2015,
which claims the benefit of priority from U.S. Provisional
Application Ser. No. 62/028,949 filed Jul. 25, 2014, each of
which is incorporated herein by reference in its entirety.

U.S. GOVERNMENT SUPPORT

This invention was made with government support under
contract Nos. CA080139 and CA143020 awarded by the
National Institutes of Health. The government has certain
rights in the invention.

BACKGROUND

Physicians commonly utilize imaging in the diagnosis,
treatment, and monitoring of medical conditions. Various
imaging methods are capable of distinguishing between at
least some types of materials in a human body. For example,
magnetic resonance imaging (MRI) may distinguish
between bone material, organs, and various forms of soft
tissue. Ultrasound may distinguish an internal organ from
surrounding parts of a human body. Contrast imaging is the
imaging of a contrast agent delivered to the tissue or material
of interest. The contrast agent is administered to the patient
before or during imaging and predominantly binds to or
occupies certain types of materials. These materials are
thereby enhanced in the images. Contrast imaging is utilized
to image tissue vascularization. In this case, a contrast agent
is delivered to the cardiovascular system of the patient.
Detection and evaluation of tissue vascularization is used to
diagnose and monitor conditions such as hemangioma,
vascular anomalies, and cancer.

Notably, vascularization properties of a malignant tumor
tend to be different from those of healthy tissue and benign
tumors. The vascularization topology of a malignant breast
tumor, as well as the blood flow properties of the vessels,
differs from that of healthy breast tissue. The normal breast
is vascularized with a well-organized and regular network of
vessels. On the other hand, the vasculature around a malig-
nant tumor is of irregular size, shape, and branching pattern,
and lacks the vascular network hierarchy of healthy breast
tissue. In addition, individual vessels are compromised.
These features of a malignant tumor result in, for example,
lower blood flow rates than in healthy tissue, chaotic blood
flow around the malignant tumor, and diffusion of blood
plasma into the surrounding tissue.

Tumor vascularization imaging may detect a malignant
tumor or distinguish a benign breast tumor from a malignant
breast tumor. Tumor vascularization imaging may also
monitor tumor angiogenesis (the formation of new blood-
vessels from existing blood vessels) as a tool to stage disease
progression or as a tool to monitor disease progression
during an anti-angiogenic treatment course.

SUMMARY

In an embodiment, a method for cardiovascular-dynamics
correlated imaging includes (a) receiving a time series of
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images of at least a portion of a patient, (b) receiving a time
series of cardiovascular data for the patient, (c) evaluating
correlation between the time series of images and the time
series of cardiovascular data, and (d) determining a property
of the at least a portion of a patient, based upon the
correlation between the time series of images and the time
series of cardiovascular data.

In an embodiment, a system for cardiovascular-dynamics
correlated imaging includes a processing device having (a)
a processor, (b) a memory communicatively coupled with
the processor, and (c) a correlation module including
machine-readable instructions stored in the memory that,
when executed by the processor, perform the function of
correlating a time series of images of at least a portion of a
patient with a time series of cardiovascular data of the
patient to determine a property of the at least a portion of a
patient.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a system for cardiovascular-dynamics
correlated imaging, according to an embodiment.

FIG. 2 illustrates another system for cardiovascular-dy-
namics cotrelated imaging, according to an embodiment.

FIG. 3 illustrates a method for cardiovascular-dynamics
correlated imaging, according to an embodiment.

FIG. 4 illustrates a method for reconstructing a time series
of electrical impedance tomography images, according to an
embodiment.

FIG. § illustrates a method for evaluating correlation
between a time series of images and a time series of
cardiovascular data, wherein the time series of images and
the time series of cardiovascular data are recorded at dif-
ferent series of time, according to an embodiment.

FIG. 6 illustrates a method for analyzing correlation
between a time series of images and heartbeat cycles iden-
tified from a time series of cardiovascular data, according to
an embodiment.

FIG. 7 illustrates a method for evaluating temporal cor-
relation between a time series of images and a time series of
cardiovascular data, according to an embodiment.

FIG. 8 illustrates a method for evaluating spectral corre-
lation between a time series of images and a time series of
cardiovascular data, according to an embodiment.

FIG. 9 illustrates a system for cardiovascular dynamics
correlated imaging, which utilizes two different imaging
devices, according to an embodiment.

FIG. 10 illustrates a method for overlaying, on a time
series of images, a correlation-indicating image, indicating
correlation between a time series of images and a time series
of cardiovascular data, according to an embodiment.

FIG. 11 illustrates a method for overlaying at least a
portion of a time series of first-type images on a time series
of second-type images, according to an embodiment.

FIG. 12 illustrates a method for evaluating correlation
between a time series of EIT images and a time series of
pulse-oximeter measurements, according to an embodiment.

FIG. 13 illustrates a system for cardiovascular-dynamics
correlated phantom imaging, according to an embodiment.

FIGS. 14A-14C show exemplary temporal sequences of
electrical impedance tomography images of a phantom.

FIGS. 15A and 15B show exemplary temporal sequerices
and power spectra for sine wave excitation and square wave
excitation in electrical impedance tomography imaging of a
phantom.

FIG. 16 shows tumor characteristics for cancer containing
quadrants of breasts of a cohort of patients.
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FIGS. 17A and 17B show exemplary time series of
images a control (normal) and cancer patient, respectively.

FIG. 18 shows temporal and spectral signatures extracted
from an exemplary benign quadrant, along with associated
oxygen-saturation signals.

FIG. 19 shows temporal and spectral signatures extracted
from an exemplary malignant quadrant, along with associ-
ated oxygen-saturation signals.

FIG. 20 shows, in tabular form, statistics of normal and
cancer patient obtained from processing of exemplary quad-
rant.

FIG. 21 shows mean parameters for exemplary normal
and cancer patients.

FIG. 22 shows receiver-operating characteristics for each
of the parameters displayed in FIG. 21.

FIG. 23 shows, in tabular form, clinical metrics associated
with the receiver-operating characteristics displayed in FIG.
22.

FIG. 24 shows patient characteristics in an example study.

FIG. 25 shows abnormal cohort characteristics in an
example study.

FIGS. 26 A-26F show a representative sequence of chang-
ing conductivity and its correlation with pulsatile oxygen
saturation for a woman with a pathologically confirmed
inflammatory breast cancer.

FIGS. 27A-27E show results obtained by imaging women
with breast cancer.

FIG. 28 shows a correlation coefficient table for an
abnormal cohort.

FIGS. 29A and 29B show comparative results for women
with and without breast cancer.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

FIG. 1 illustrates one exemplary system 100 for cardio-
vascular-dynamics correlated imaging of an area of interest
145 of a patient 140. System 100 includes an imaging device
110, a cardiovascular measurement device 120, and a pro-
cessing device 130. Imaging device 110 images area of
interest 145 to generate a time series of image data 150
thereof. Time series of image data 150 may be a time series
of images or a time series of non-image data from which a
time series of images may be reconstructed. For the purpose
of the present disclosure “image” refers to a spatial map of
a property, which may be in any representation known in the
art including graphical representation and tabular form. Also
for the purpose of the present disclosure, “time series” refers
to a sequence of data measured at subsequent points in time,
wherein the time points may be uniformly or non-uniformly
spaced from each other in time. Cardiovascular measure-
ment device 120 records at least one signal that reflects
cardiovascular dynamics of patient 140. Cardiovascular
measurement device 120 thus produces a time series of
cardiovascular data 160.

Imaging device 110 and cardiovascular measurement
device 120 respectively captures time series of image data
150 and records time series of cardiovascular data 160
concurrently. Hence, cardiovascular dynamics apparent in
time series of cardiovascular data 160 may be correlated
with temporal variations in time series of image data 150.
Time series of image data 150 and time series of cardiovas-
cular data 160 may be recorded at identical series of times
or at different series of times having temporal overlap. In an
example, time series of image data 150 is captured at a series
of times that is substantially defined by the maximum rate at
which image data may be captured by imaging device 110,
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while time series of cardiovascular data 160 is recorded at a
series of times that is substantially defined by the maxinum
rate at which cardiovascular data may be captured by
cardiovascular measurement device 120. In one embodi-
ment, the maximum rate of cardiovascular measurement
device 120 exceeds the maximum rate of imaging device
110 such that time series of cardiovascular data 160 has
higher temporal resolution than time series of image data
150. In another embodiment, the maximum rate of imaging
device 110 exceeds the maximum rate of cardiovascular
measurement device 120 such that time series of image data
150 has higher temporal resolution than time series of
cardiovascular data 160.

Imaging device 110 and cardiovascular measurement
device 120 are communicatively coupled with processing
device 130 and communicate time series of image data 150
and time series of cardiovascular data 160, respectively, to
processing device 130.

Processing device 130 processes time series of image data
150 and time series of cardiovascular data 160 to evaluate
correlation between time series of image data 150 and time
series of cardiovascular data 160. In an embodiment, pro-
cessing device 130 identifies heartbeat cycles from time
series of cardiovascular data 160 and evaluates correlation
between time series of image data 150 and the heartbeat
cycles. Through such correlation evaluation, system 100
provides enhanced imaging of vascularized tissue within
area of interest 145. Notably, system 100 achieves this
without use of a contrast agent. Instead, vascularized tissue
is “highlighted” by correlation of images with measurements
of cardiovascular dynamics. Based upon the degree and/or
nature of correlation between time series of image data 150
and time series of cardiovascular data 160, processing
device 130 may detect the presence of vascularized tissue
and provide an image thereof. Processing device 130 may
distinguish between different types of vascularized tissue.
For example, malignant tumors may exhibit weaker or
stronger correlation with cardiovascular dynamics than
healthy vascularized tissue. Therefore, processing device
130 may distinguish between a malignant tumor and healthy
vascularized tissue or a benign tumor.

In some use scenarios, results generated by processing
device 130 provide the basis for patient diagnosis. In one
exemplary use scenario, area of interest 145 is an area with
a tumor. By virtue of the correlation evaluation performed
by processing device 130, system 100 determines if the
tumor is malignant or benign. In another exemplary use
scenario, area of interest 145 is an area with a malignant
tumor. System 100 is employed to monitor disease status,
ie., status of the malignant tumor, for example during
treatment with anti-angiogenic drugs.

Imaging device 110 may be any imaging modality that is
sensitive to vascularization. In an embodiment, imaging
device 110 is an electrical impedance tomography (EIT)
device. In this embodiment, time series of image data 150 is
a time series of spatial maps of one or more electrical
impedance related parameters (such as impedance, conduc-
tivity, permittivity, resistivity, admittance, and/or associated
spectral parameters) of area of interest 145, or a time series
of image data from which a time series of spatial maps of the
electrical impedance or conductivity of area of interest 145
may be reconstructed. The electrical conductivity of blood is
generally around 0.6 Siemens/meter (S/m), while the elec-
trical conductivity of other soft tissue generally is in the
range between 0.1 S/m and 0.2 S/m. Hence, the electrical
conductivity contrast between blood and other soft tissue is
about 3:1. Accordingly, EIT is sensitive to vascularization.
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In fact, EIT is more sensitive to vascularization, in terms of
contrast between vascularized and non-vascularized tissue,
than other common imaging modalities such as magnetic
resonance imaging (MRI), computed tomography (CT),
positron emission tomography (PET), and ultrasound imag-
ing. Furthermore, EIT devices may image at high speed such
that time series of image data 150 captures fast vascular
dynamics at higher accuracy than slower imaging modali-
ties. In addition, EIT is non-invasive and cheaper than most
other imaging modalities. In other embodiments, imaging
device 110 is an MRI device, a CT device, a PET device, an
ultrasonography device, a video endoscope, or a fluoro-
scope.

Cardiovascular measurement device 120 is, for example,
a pulse-oximeter (i.e., a device for measuring blood-oxygen
saturation), an electrocardiograph, a sphygmomanometer, a
blood flow measurement device, or another device capable
of producing time series of cardiovascular data 160 at a rate
sufficient to capture cardiovascular dynamics. For example,
cardiovascular measurement device 120 has sensitivity and
speed such that time series of cardiovascular data 160
includes a signature of heartbeat cycles.

Cardiovascular measurement device 120 need not be
connected to area of interest 145, and time series of cardio-
vascular data 160 need not be representative of cardiovas-
cular dynamics specific to area of interest 145. It is sufficient
that cardiovascular measurement device 120 measures car-
diovascular dynamics at some location of patient 140. In an
embodiment, cardiovascular measurement device 120
records time series of cardiovascular data 160 at a location
different from area of interest 145. The distance from area of
interest 145 to the location where cardiovascular measure-
ment device 120 connects to patient 140 may result in a
phase shift between time series of image data 150 and time
series of cardiovascular data 160. In an example, area of
interest 145 is a breast of patient 140, while cardiovascular
measurement device 120 is a pulse-oximeter connected to a
finger of patient 140.

Processing device 130 may evaluate correlation between
time series of image data 150 and time series of cardiovas-
cular data 160 in real-time or at any time after receiving time
series of image data 150 and time series of cardiovascular
data 160. Without departing from the scope hereof, certain
embodiments of system 100 do not include imaging device
110 and/or cardiovascular measurement device 120. In such
embodiments, processing device 130 receives time series of
image data 150 and/or time series of cardiovascular data 160
from devices external to system 100.

FIG. 2 illustrates one exemplary system 200 for cardio-
vascular-dynamics correlated imaging. System 200 is an
embodiment of system 100 (FIG. 1). System 200 includes a
processing device 210 which is an embodiment of process-
ing device 130 (FIG. 1). Processing device 210 processes
time series of image data 150 (FIG. 1), associated with area
of interest 145 (FIG. 1), and time series of cardiovascular
data 160 (FIG. 1), associated with patient 140 (FIG. 1), to
evaluate correlation between time series of image data 150
and time series of cardiovascular data 160. In an embodi-
ment, system 200 includes imaging device 110 (FIG. 1) for
generating time series of image data 150, and/or cardiovas-
cular measurement device 120 (FIG. 1) for recording time
series of cardiovascular data 160.

Processing device 210 includes an interface 220, a pro-
cessor 230, and a memory 240. Processor 230 is commu-
nicatively coupled with interface 220 and memory 240.
Memory 240 includes a data storage 250, and machine-
readable instructions 260 encoded in a non-volatile portion
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of memory 240. Data storage 250 includes image data
storage 252 and cardiovascular data storage 254. Processing
device 210 receives time series of image data 150 and time
series of cardiovascular data 160 through interface 220.
Processor 230 stores time series of image data 150 and time
series of cardiovascular data 160 to image data storage 252
and cardiovascular data storage 254, respectively. Processor
230 processes time series of image data 150 and time series
of cardiovascular data 160 according to instructions 260.
Processor 230 thus evaluates correlation between time series
of image data 150 and time series of cardiovascular data
160. Processor 230 may also perform other processing of
time series of image data 150 and time series of cardiovas-
cular data 160 using instructions 260. Processing device 210
may output results of processing by processor 230, such as
a correlation evaluation, through interface 220.

Optionally, data storage 250 further includes correlation
results storage 258 with optional parameter storage 259.
Processor 230 may store results of a correlation evaluation
of time series of image data 150 and time series of cardio-
vascular data 160 to correlation results storage 258. Proces-
sor 230 may store correlation parameters, such as correlation
coeflicients and spectral power ratios to parameter storage
259. A spectral power ratio is a ratio of power in one spectral
range to power in another spectral range, wherein the two
spectral ranges may be partially overlapping or non-over-
lapping. Data storage 250 may further include spatial region
of interest (ROI) definitions 256. Spatial ROI definitions 256
defines one or more spatial ROIs of time series of image data
150, which are considered by processor 230 when evaluat-
ing correlation between time series of image data 150 and
time series of cardiovascular data 160. In some embodi-
ments, spatial ROI definitions 256 is a fixed property of
processing device 210, in which case spatial ROI definitions
256 may be located in instructions 260, without departing
from the scope hereof.

In an embodiment, instructions 260 includes correlation
instructions 262 that has instructions that, upon execution by
processor 230, evaluates correlation between time series of
image data 150 and time series of cardiovascular data 160.
Correlation instructions 262 may include one or more of
resampling instructions 263, signature identification instruc-
tions 264, spectral correlation instructions 265, and temporal
correlation instructions 266. Processor 230 may utilize one
or more of these instructions to evaluate correlation between
time series of image data 150 and time series of cardiovas-
cular data 160. Optionally, instructions 260 further include
image reconstruction instructions 268. Processor 230 may,
according to image reconstruction instructions 268, process
embodiments of time series of image data 150 that are in
non-image form to reconstruct a time series of images. For
example, processor 230 reconstructs electrical conductivity
images from voltages or currents measured by an EIT device
according to image reconstruction instructions 268.

In certain embodiments, cardiovascular measurement
device 120 is communicatively coupled with imaging device
110 such that cardiovascular measurement device 120 may
control aspects of the operation of imaging device 110. For
example, capture of image or image data of area of interest
145 by imaging device 110 is gated according to vascular
dynamics recorded by cardiovascular measurement device
120. Although not illustrated in FIG. 2, such gating may be
based upon the detection of cardiovascular signatures in
time series of cardiovascular data 160 by processing device
210. Thus, cardiovascular measurement device 120 may be
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communicatively coupled with imaging device 110 through
processing device 210, without departing from the scope
hereof.

FIG. 3 illustrates one exemplary method 300 for cardio-
vascular-dynamics correlated imaging. Method 300 is per-
formed by, for example, system 100 (FIG. 1) or system 200
(FIG. 2). A step 310 receives a time series of images of at
least a portion of a patient, such as area of interest 145 of
patient 140 (FIG. 1), and a time series of cardiovascular data
of the patient. The time series of images, or an underlying
time series of image data, has been captured concurrently
with the recording of the time series of cardiovascular data.
The time series of images, or an underlying time series of
image data, and the time series of cardiovascular data may
be recorded at identical series of times or at different series
of times having temporal overlap. Step 310 evaluates cor-
relation between the time series of images and the time
series of cardiovascular data. In an example, processor 230
(FIG. 2) retrieves time series of image data 150 (FIGS. 1 and
2), in image form, from image data storage 252 (FIG. 2) and
time series of cardiovascular data 160 (FIGS. 1 and 2) from
cardiovascular data storage 254 (FIG. 2), Processor 230
executes correlation instructions 262 (FIG. 2) to evaluate
correlation between time series of image data 150 and time
series of cardiovascular data 160. In an embodiment, one or
more smaller spatial ROIs within the time series of images
are separately considered by step 310. For example, proces-
sor 230 further retrieves spatial ROI definitions from spatial
ROI definitions 256 (FIG. 2), and evaluates correlation
within each of the one or more spatial ROIs according to
correlation instructions 262.

Optionally, step 310 includes one or both of steps 312 and
314. In step 312, spectral correlation between the time series
of images and the time series of cardiovascular measure-
ments is evaluated. For example, processor 230 executes
spectral correlation instructions 265 (FIG. 2) to evaluate
spectral correlation between time series of image data 150
and time series of cardiovascular data 160, i.e. correlation
between spectral properties of time series of image data 150
and spectral properties of time series of cardiovascular data
160. Processor 230 stores results of the correlation evalua-
tion to correlation results storage 258 and/or outputs the
results to a user or an external system through interface 220
(FIG. 2). In step 314, temporal correlation between the time
series of images and the time series of cardiovascular
measurements is evaluated. For example, processor 230
executes temporal correlation instructions 266 (FIG. 2) to
evaluate temporal correlation between time series of image
data 150 and time series of cardiovascular data 160.

In an embodiment, step 310 includes a step 316 of
evaluating correlation between the time series of images and
heartbeat cycles identified from the time series of cardio-
vascular data. In an example, processor 230 executes sig-
nature identification instructions 264 (FIG. 2) on time series
of cardiovascular data 160 to identify at least one heartbeat
cycle. Processor 230 then executes at least a portion of
correlation instructions 262 to evaluate correlation between
time series of image data 150 and the heartbeat cycle(s).

Steps 312, 314, and 316 may be applied to one or more
different spatial ROIs within the area of interest of the
patient, without departing from the scope hereof.

In a step 320, a property of the at least a portion of the
patient, represented by the time series of images, is deter-
mined from the results of the correlation evaluation per-
formed in step 310. In one example, a high (or low) degree
of correlation, between the time series of images and the
time series of cardiovascular data, found in step 310 leads to
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the identification of healthy vascularized tissue in the at least
a portion of the patient represented by the time series of
images. In another example, a low (or high) degree of
correlation, between the time series of images and the time
series of cardiovascular data, found in step 310 leads to the
identification of a vascularized cancer tissue in the at least a
portion of the patient represented by the time series of
images. In yet another example, the degree of correlation
and/or nature of correlation, between the time series of
images and the time series of cardiovascular data, found in
step 310 leads to a determination of the amount or type of
vascularized tissue in the at least a portion of the patient
represented by the time series of images. Step 320 may be
performed separately for different spatial ROIs within the at
least a portion of the patient represented by the time series
of images, without departing from the scope hereof. In an
embodiment, step 320 determines several properties of the at
least a portion of the patient represented by the time series
of images.

Step 320 may be performed by processing device 210,
another system external to system 200, or by an operator or
a physician. In one example, processor 230 retrieves corre-
lation results from correlation results storage 258 and
executes instructions 260 to derive a property of area of
interest 145 from the correlation results. In another example,
the property of area of interest 145 is determined externally
to system 200 based upon the correlation results determined
in step 310.

In an optional step 330, a diagnostic result is derived from
the property or properties of the at least a portion of the
patient, which are determined in step 320. Exemplary diag-
nostic results include presence of benign tumor, presence of
malignant tumor, absence of malignant tumor, and degree of
vascularization of malignant tumor.

Optionally, method 300 includes a step 350 of generating
at least one correlation-indicating image. The at least one
correlation-indicating image is, for example, a spatial map
of a parameter that indicates degree of correlation between
the time series of images and the time series of cardiovas-
cular data. Exemplary parameters are discussed below in
connection with FIGS. 5 and 6. The at least one correlation-
indicating image may be a time series of correlation-indi-
cating images showing the time series of images processed
in step 310 with an overlay that indicates the degree of
correlation between the time series of images and the time
series of cardiovascular data.

In an embodiment, method 300 includes a step 302 of
generating the time series of images. For example, imaging
device 110 (FIGS. 1 and 2) generates the time series of
images. In one embodiment of step 302, the imaging device
directly captures the time series of images of at least a
portion of the patient. In another embodiment, step 302
includes steps 304 and 306. In step 304, the imaging device
captures a time series of image data that is in non-image
form. In step 306, a time series of images is reconstructed
from the time series of image data. For example, imaging
device 110 captures a time series of image data that is not in
image form, such as EIT voltages. Imaging device 110
communicates the time series of image data to processing
device 210. Processor 230 receives the time series of image
data from interface 220 and reconstructs, according to image
reconstruction instructions 268 the time series of images
from the time series of image data. Although not illustrated
in FIG. 3, steps 306 may be initiated before completing step
304, without departing from the scope hereof. For example,
step 306 is engaged to reconstruct each single image upon
completion of the associated image data capture measure-
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ment. Thus, steps 304 and 306 may be performed alternat-
ingly to reconstruct one image at a time, or concurrently at
least in part.

In an embodiment, method 300 includes a step 308 of
recording the time series of cardiovascular data. For
example, cardiovascular measurement device 120 (FIGS. 1
and 2) records the time series of cardiovascular data. In
embodiments of method 300 based upon capture of a time
series of image data in non-image form, step 308 is per-
formed concurrently with step 304. In embodiments of
method 300, wherein step 302 is based upon direct capture
of a time series of images, step 308 is performed concur-
rently with step 302.

Optionally, the performance of step 302 is gated accord-
ing by step 308 such that the images, or image data, are
captured at specific temporal points relative to the timing of
heartbeat cycles. This may be beneficial when using imaging
modalities operating at rates too slow to adequately capture
cardiovascular dynamics, in which case temporal accuracy
may instead be achieved through gating.

FIG. 4 illustrates one exemplary method 400 for gener-
ating a time series of EIT images of at least a portion of a
patient. Method 400 is an embodiment of step 302 of method
300 (FIG. 3). Method 400 includes a step 410 of measuring
a time series of a plurality of voltages at a respective
plurality of spatially separated electrodes in contact with a
patient. This time series of voltages is an embodiment of
time series of image data 150 (FIGS. 1 and 2). In one
embodiment, the voltages are measured in a single-fre-
quency EIT measurement, wherein a single-frequency alter-
nating current or voltage is applied to one or more spatially
separated electrodes connected to the patient. In another
embodiment, the voltages are measured in a multi-frequency
EIT measurement, wherein two or more time series single-
frequency EIT measurements, at two or more different
respective frequencies, are measured in an interlaced fashion
or simultaneously using composite signals that include sev-
eral different frequencies. Multi-frequency EIT based upon
processing of composite signals including several different
frequencies may operate at a higher sample rate than multi-
frequency systems based upon an interlaced approach. In an
example of step 410, imaging device 110 (FIGS. 1 and 2) is
an EIT device that measures a time series of a plurality of
voltages at a respective plurality of spatially separated
electrodes in contact with patient 140 (FIGS. 1 and 2) near
area of interest 145 (FIGS. 1 and 2). The EIT device may
apply a single frequency to the electrodes to perform a
single-frequency EIT measurement, or apply multiple dif-
ferent frequencies to the electrodes to perform a multi-
frequency EIT measurement. Imaging device 110 commu-
nicates the time series of voltages, single-frequency or
multi-frequency, to interface 220 of processing device 210
(FIG. 2). Processor 230 may store the time series of voltages
to image data storage 252 (FIG. 2). Step 410 is an embodi-
ment of step 304 (FIG. 3).

In a step 420, a time series of EIT images is reconstructed
from the time series of voltages measured in step 410. In
embodiments utilizing multi-frequency EIT, step 420 con-
siders each frequency separately. In the following, step 420
is discussed for a single frequency. In an example of step
420, processor 230 retrieves the time series of voltages,
measured in step 410, from image data storage 252. Pro-
cessor 230 utilizes image reconstruction instructions 268 to
reconstruct an EIT image from each time point of the series
of voltages. Thereby, processor 230 reconstructs a time
series of EIT images from the time series of voltages. Step
420 is an embodiment of step 306 (FIG. 3). Image recon-

20

25

40

45

55

60

65

10

struction in step 420 may utilize a finite element based linear
difference algorithm, a boundary element method, back
projection, or other methods known in the art.

The EIT images reconstructed in step 420 provide a
representation of a spatial impedance map of at least a
portion of the patient as a function of time. The spatial
impedance map is represented, for example, in terms of
electrical conductivity, resistance, or impedance. In certain
embodiments, step 420 includes a step 430, wherein the time
series of EIT images is reconstructed as a time series of
spatial distributions of electrical conductivity changes, as
compared to a reference electrical conductivity distribution.
The reference electrical conductivity distribution may be
measured by the EIT device used to perform step 410, or
derived from the time series of voltages measured in step
410. In an example, processor 230 utilizes image recon-
struction instructions 268 to derive a reference electrical
conductivity distribution from the time series of voltages
measured in step 410 and further reconstruct a time series of
spatial distributions of electrical conductivity changes rela-
tive to the reference electrical conductivity distribution.

Although not illustrated in FIG. 4, step 420 may be
initiated before completing step 410, without departing from
the scope hereof. For example, step 420 is engaged to
reconstruct each single EIT image upon completion of the
associated voltage measurement. Thus, steps 410 and 420
may be performed alternatingly to reconstruct one EIT
image at a time, or concurrently at least in part.

FIG. 5 illustrates one exemplary method 500 for evalu-
ating correlation between a time series of images of at least
a portion of a patient and a time series of cardiovascular data
of the patient, wherein the time series of images and the time
series of cardiovascular data are recorded at different series
of time. Method 500 may be implemented in method 300
(FIG. 3) as at least a portion of step 310. In a step 510,
method 500 receives a time series of images, wherein the
images or underlying image data is captured at a first series
of times. In an example of step 510, interface 220 of
processing device 210 (FIG. 2) receives time series of image
data 150 (FIGS. 1 and 2). If time series of image data 150
is not in image form, processor 230 reconstructs a time
series of images from time series of image data 150 accord-
ing to image reconstruction instructions 268 (FIG. 2). Pro-
cessor 230 stores the time series of images to image data
storage 252 (FIG. 2). In a step 520, method 500 receives a
time series of cardiovascular data recorded at a second series
of times different from the first series of times. For example,
processor 230 receives time series of cardiovascular data
160 (FIGS. 1 and 2) from cardiovascular measurement
device 120 (FIGS. 1 and 2) through interface 220 and stores
time series of cardiovascular data 160 to cardiovascular data
storage 254 (FIG. 2).

In a step 530, the time series of images and/or the time
series of cardiovascular data are resampled to synchronize
the first series of times with the second series of times.
Herein, the first series of times and the second series of times
are not necessarily constants. Rather, the first series of times
and the second series of times refer to the series of times
associated with the time series of images and the time series
of cardiovascular data, respectively, at any point during
processing. Hence, the first series of times and/or the second
series of times are modified in step 530. In one embodiment,
one of the time series of images and the time series of
cardiovascular data is resampled to match the time series
associated with the other one of the time series of images
and the time series of cardiovascular data. For example, the
lower-rate time series, such as the time series of images, is
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resampled to match the higher-rate time series, such as the
time series of cardiovascular data. Step 530 may include a
step 532 of interpolating between measured time points of at
least one of time series of images and time series of
cardiovascular data. In an example of step 530, processor
230 retrieves the time series of images from image data
storage 252 and resamples the time series of images accord-
ing to resampling instructions 263 (FIG. 2) to synchronize
the time series of images with time series of cardiovascular
data 160.

A step 540 evaluates correlation between the mutually
synchronized time series of images and time series of
cardiovascular data received from step 530. Since step 540
considers mutually synchronized time series of images and
time series of cardiovascular data, the correlation between
the time series of images and the time series of cardiovas-
cular data may be evaluated in a relatively simplistic fash-
ion, such as through visual comparison. In an alternate
example, the mutually synchronized time series of images
and time series of cardiovascular data are processed math-
ematically to evaluate the degree and/or nature of correlation
therebetween. For example, processor 230 evaluates corre-
lation between the mutually synchronized time series of
images and time series of cardiovascular data 160, according
to correlation instructions 262 (FIG. 2), and stores the
correlation results to correlation results storage 258 (FIG. 2)
or outputs the correlation results via interface 220.

In an embodiment, step 540 includes one or both of steps
542 and 544. In step 544, the spectral correlation between
the mutually synchronized time series of images and time
series of cardiovascular data is evaluated. For example,
processor 230 evaluates the spectral correlation between the
mutually synchronized time series of images and time series
of cardiovascular data according to spectral correlation
instructions 265 (FIG. 2). Processor 230 stores the spectral
correlation results to correlation results storage 258 or
outputs the spectral correlation results via interface 220. In
step 542, the temporal correlation between the mutually
synchronized time series of images and time series of
cardiovascular data is evaluated. For example, processor 230
evaluates the temporal correlation between the mutually
synchronized time series of images and time series of
cardiovascular data according to temporal correlation
instructions 266 (FI1G. 2). Processor 230 stores the temporal
correlation results to correlation results storage 258 or
outputs the temporal correlation results via interface 220.

Step 540 may further include a step 546 which is identical
to step 316 of method 300 (FIG. 3).

Without departing from the scope hereof, steps 510 and
530 may be performed on a time series of image data in
non-image form. In this case, reconstruction of the time
series of image data to generate a time series of images may
be performed after step 530.

FIG. 6 illustrates one exemplary method 600 for analyz-
ing correlation between a time series of images of at least a
portion of a patient and heartbeat cycles identified from a
time series of cardiovascular data of the patient. Method 600
is an embodiment of step 316 of method 300 (FIG. 3). In a
step 610, at least one heartbeat cycle is identified in the time
series of cardiovascular data through detection of at least
one cardiovascular signature in the time series of cardio-
vascular data. For example, processor 230 (FIG. 2) pro-
cesses time series of cardiovascular data 160 (FIGS. 1 and
2), according to signature identification instructions 264
(FIG. 2), to detect at least one cardiovascular signature such
as a peak associated with each heartbeat cycle. Based upon
the cardiovascular signature and according to signature
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identification instructions 264, processor 230 identifies at
least one heartbeat cycle in time series of cardiovascular
data 160.

In an optional step 620, a time series of position sensitive
signals, each representing the same spatial RO, is extracted
from the time series of images. In an embodiment. each
position sensitive signal in the time series of position
sensitive signals is an average of the corresponding image
within the spatial ROI. For example, processor 230 retrieves
the time series of images from image data storage 252 (FIG.
2) and retrieves a spatial ROI definition from spatial ROI
definitions 256 (FIG. 2). Processor 230 then extracts a time
series of position sensitive signals from the time series of
images according to the spatial ROI definition and correla-
tion instructions 262 (FIG. 2). Optional step 620 may be
preceded by a step 601 of defining the spatial ROI. In one
embodiment, the spatial ROl is defined by an operator or by
processing device 210 (FIG. 2) based upon images provided
by the imaging device used to generate the time series of
images or image data. In another embodiment, the spatial
ROI is defined by an operator or by processing device 210
based upon images provided by another imaging device
utilizing a different imaging modality. In yet another
embodiment, the spatial ROI is predefined.

Without departing from the scope hereof, steps 620, 630,
and 640, and optionally step 601, may be performed for
several different spatial ROIs.

In a step 630, the time series of images (or position
sensitive signals in embodiments of method 600 including
optional step 620) is referenced to the timing of heartbeat
cycles as identified in step 610. For example, processor 230
references the time series of images (or position sensitive
signals) to timing of heartbeat cycles according to correla-
tion instructions 262.

In an embodiment, and if the rate of heartbeats identified
in step 610 is not constant, step 630 includes a step 632,
wherein the time series of cardiovascular data is resampled
to emulate a constant heartbeat rate. The time series of
images (or position sensitive signals) is resampled accord-
ingly such that the temporal relationship between the time
series of cardiovascular data and the time series of images
(or position sensitive signals) is not distorted by the perfor-
mance of step 632. In an example of step 632, processor 230
resamples the time series of cardiovascular data and the time
series of images (or position sensitive signals) according to
resampling instructions 263 (FIG. 2).

In a step 640, the time series of images (or position
sensitive signals) is analyzed as a function of timing within
a heartbeat cycle. Step 640 includes step 646 and/or step
642. Step 642 determines one or more parameters indicative
of spectral and/or temporal correlation between the time
series of images (or position sensitive signals) and heartbeat
cycles. Exemplary parameters include spectral correlation
coeflicient, temporal correlation coeflicient (optionally cor-
rected for a phase shift between the time series of images
and the time series of cardiovascular data, for example based
upon a premeasured value of the phase shift), maximum
temporal correlation coefficient as a function of phase shift
between the time series of images (or position sensitive
signals) and heartbeat cycles, phase at which the maxinum
temporal correlation coeflicient is attained, and spectral
power ratios of the time series of images (or position
sensitive signals). The spectral power ratios indicate the
degree of spectral correlation between the time series of
images (or position sensitive signals) and heartbeat cycles.
In an example of step 642, processor 230 utilizes spectral
correlation instructions 265 (FIG. 2) or temporal correlation
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instructions 266 (FIG. 2) to determine one or more param-
eters indicative of spectral and/or temporal correlation.
Processor 230 may store such parameters to parameter
storage 259 (FIG. 2).

Optionally, step 642 is succeeded by a step 644, in which
two or more parameters determined in step 642 are com-
bined to further evaluate the degree and/or nature of corre-
lation between the time series of images (or position sensi-
tive signals) and heartbeat cycles. Step 644 may evaluate a
combination of parameters against correlation criteria. In an
example of step 644, processor 230 retrieves two or more
parameters from parameter storage 259 and combines these
parameters according to correlation instructions 262.

In step 646, spectral and/or temporal distributions of time
series of images (or position sensitive signals) are compared
to those of the time series of cardiovascular data reflecting
a constant heartbeat rate. For example, the time series of
images (or position sensitive signals) and the time series of
cardiovascular data received from step 630 are outputted to
an operator or physician via interface 220 (FIG. 2). The
physician or operator compares the spectral and/or temporal
distributions of the time series of images (or position sen-
sitive signals) and the time series of cardiovascular data
reflecting constant heartbeat rate.

In an embodiment, method 600 takes as input mutually
synchronized time series of cardiovascular data and time
series of images, such as those generated by step 530 of
method 500 (FIG. 5).

FIG. 7 illustrates one exemplary method 700 for evalu-
ating temporal correlation between a time series of images
of at least a portion of a patient and a time series of
cardiovascular data of the patient. Method 700 may be
implemented in method 300 (FIG. 3) as at least a portion of
step 314, in method 500 (FIG. 5) as at least a portion of step
542, or in method 600 (FIG. 6) as at least a portion of step
642.

In a step 710, the temporal correlation coeflicient between
a time series of position sensitive signals and the time series
of cardiovascular data is calculated as a function of phase
shift between the time series of position sensitive signals and
the time series of cardiovascular data. The time series of
position sensitive signals may be derived from the time
series of images as discussed in connection with step 620
(FIG. 6). The time series of images and the time series of
cardiovascular data may be mutually synchronized as dis-
cussed in connection with step 530 (FIG. 5). Additionally,
the time series of images and the time series of cardiovas-
cular data may reflect a constant heartbeat rate, optionally
after resampling as discussed in connection with step 632
(FIG. 6).

Since the time series of images and the time series of
cardiovascular data may be obtained in two different loca-
tions of the patient, a phase shift may exist between the time
series of images and the time series of cardiovascular data.
Furthermore, the imaging device and cardiovascular mea-
surement device used to generated the time series of images
and the time series of cardiovascular data, respectively, may
introduce additional phase shifts of unknown magnitude. If
such phase shifts are not taken into account, for example by
premeasuring the phase shift and correcting therefor, the
calculated temporal correlation coefficient may be lower
than the actual temporal correlation coeflicient obtained
when correcting for phase shift between the time series of
images and the time series of cardiovascular data. Step 710
overcomes this issue by varying the phase shift between the
time series of images and the time series of cardiovascular
data and calculating the temporal correlation coeflicient
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therebetween for a range of phase shifts, such as several
different phase shifts substantially spanning the full range of
phase shifts.

In an example of step 710, processor 230 (FIG. 2)
retrieves the time series of position sensitive signals from
image data storage 252 (FIG. 2) and the time series of
cardiovascular data from cardiovascular data storage 254
(FIG. 2). Processor 230 utilizes temporal correlation instruc-
tions 266 to calculate the temporal phase shift between the
time series of position sensitive signals and the time series
of cardiovascular data as a function of phase shift therebe-
tween. Processor 230 stores this temporal correlation coef-
ficient as a function of phase shift to correlation results
storage 258 (FIG. 2).

In a step 720, method 700 determines at least one of (a)
the maximum temporal correlation coeflicient as a function
of phase shift and (b) the phase shift at which the maximum
temporal correlation coeflicient. For example, processor 230
retrieves the temporal correlation coefficient as a function of
phase shift from correlation results storage 258 and deter-
mines, according to temporal correlation instructions 266,
the maximum temporal correlation coeflicient and/or the
phase at which the maximum temporal correlation coeffi-
cient is attained.

FIG. 8 illustrates a method 800 for evaluating spectral
correlation between a time series of images of at least a
portion of a patient and a time series of cardiovascular data
of the patient. Method 800 may be implemented in method
600 (FIG. 6) as at least a portion of step 642. In a step 8§10,
the spectral distribution of a time series of position sensitive
signals is evaluated. Optionally, step 810 includes determin-
ing the spectral distribution of the time series of position
sensitive signals, for example using a fast Fourier transform.
The time series of position sensitive signals is assumed to
reflect a constant heartbeat rate and is, for example, gener-
ated in step 632 (FIG. 6). Since the time series of position
sensitive signals correspond to a constant heartbeat rate, the
spectral distribution of the time series of position sensitive
signals indicates the degree and/or nature of spectral corre-
lation between the time series of position sensitive signals
and heartbeat cycles. In an embodiment, step 810 includes a
step 812 of calculating one or more power ratios of the
spectral distribution of the time series of position sensitive
signals. A spectral power ratio is the ratio of power in one
spectral range to the power in another spectral range. The
two spectral ranges may be non-overlapping or partially
overlapping.

In an example of steps 810 and 812, processor 230 (FIG.
2) utilizes spectral correlation instructions 265 (FIG. 2) to
calculate the power spectrum of the time series of position
sensitive signals, reflecting a constant heartbeat rate, and
further calculate therefrom one or more spectral power
ratios.

FIG. 9 illustrates one exemplary system 900 for cardio-
vascular dynamics correlated imaging of area of interest 145
of patient 140 (FIGS. 1 and 2), which utilizes two different
imaging devices. System 900 is similar to system 200 (FIG.
2). As compared to system 200, system 900 further includes
a second imaging device 910 that generates images different
from those of imaging device 110 (FIGS. 1 and 2). Addi-
tionally, processing device 210 (FIG. 2) is replaced with a
processing device 912. Processing device 912 is similar to
processing device 210 except for memory 240 (FIG. 2)
being replaced with a memory 940. In turn, memory 940 is
similar to memory 240 except for instructions 260 (FIG. 0.2)
being replaced by instructions 960 which, as compared to
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instructions 260 may further include image overlay instruc-
tions 962 and or spatial ROI selection instructions 964.

Second imaging device 910 generates one or more sec-
ond-type images 950 of a second area of interest 945 of
patient 140. Second area of interest 945 has at least some
overlap with area of interest 145 (FIGS. 1 and 2). Second-
type images 950 are of type different from the images
associated with time series of image data 150 (FIGS. 1 and
2). Second imaging device 910 communicates second-type
image(s) 950 to interface 220 (FIG. 2) of processing device
912. In one embodiment, second imaging device 910 is of
type different from imaging device 110. In another embodi-
ment, second imaging device 910 is of same type as imaging
device 110, but utilized to generate a different type of
images. For example, second imaging device 910 is an MRI
device generating anatomic MRI images, while imaging
device 110 is an MRI device generating cardiovascular
emphasized images.

In one embodiment, instructions 960 of processing device
912 includes image overlay instructions 962, that upon
execution by processor 230 (FIG. 2) overlays one image or
time series of images on another image or time series of
images. For example, processor 230 may execute image
overlay instructions 962 to overlay one or more correlation-
indicating images, generated from time series of image data
150 and time series of cardiovascular data 160 (FIGS. 1 and
2) by performing method 300 (FIG. 3) with step 350, on
second-type image(s) 950. Processor 230 may store such an
overlaid image to image data storage 252 and/or communi-
cate such an overlaid image to an external system or user via
interface 220.

In another embodiment, instructions 960 includes spatial
ROI selection instructions 964 that upon execution by
processor 230 analyzes second-type image(s) 950 to deter-
mine one or more spatial ROIs to be considered by process-
ing device 912 when evaluating correlation between time
series of image data 150 and time series of cardiovascular
data 160, for example as discussed in connection with
method 600 (FIG. 6). Processor 230 may store such spatial
ROIs to spatial ROI definitions 256 (FIG. 2), from where
processor 230 may retrieve one or more spatial ROIs when
performing method 600.

Second imaging device 910 is, for example, an EIT
device, an MRI device, a CT device, and ultrasonograph, a
video endoscope, or a fluoroscope. In certain embodiments
of system 900, imaging device 110 is an EIT device and
second imaging device 910 is a non-EIT device such as an
MRI device, a CT device, and ultrasonograph, a video
endoscope, or a fluoroscope. This embodiment benefits from
correlation of time series of cardiovascular data 160 with
time series of image data 150 generated by an imaging
device that is very sensitive to cardiovascular dynamics, as
discussed in connection with FIG. 1, which leads to high-
quality cardiovascular-dynamics correlation information.
System 900 is capable of combining such cardiovascular-
dynamics correlation information with second-type image(s)
950 which may provide information about area of interest
145 not achievable using imaging device 110.

FIG. 10 illustrates one exemplary method 1000 for over-
laying a correlation-indicating image, indicating correlation
between a time series of images of at least a portion of a
patient and a time series of cardiovascular data of the
patient, on a time series of images. Method 1000 may be
performed by system 900 of FIG. 9.

Method 1000 is similar to method 300 of FIG. 3 and
includes steps 1010 and 1050, and optionally one or more of
steps 1002, 1004, 1020, and 1030, wherein method 1000
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performs respective steps 310 and 350 and optional steps
302, 308, 320, and 330 as discussed in connection with FIG.
3. Additionally, method 1000 includes a step 1060 wherein
the correlation-indicating image(s) generated in step 1050
are overlaid on a time series of images.

In one embodiment, step 1060 includes a step 1062 of
overlaying the correlation-indicating image on the time
series of images processed in step 1010. For example,
processor 230 of system 900 (FIG. 9) executes image
overlay instructions 962 (FIG. 9) to overlay the correlation-
indicating image on time series of image data 150 in image
format (FIGS. 1 and 9).

In another embodiment, step 1060 includes a step 1064 of
overlaying the correlation-indicating image on a time series
of second-type images generated by an imaging device of
type different from the one used to generated the time series
of images processed in step 1010. For example, processor
230 of system 900 (FI1G. 9) executes image overlay instruc-
tions 962 (FIG. 9) to overlay the correlation-indicating
image on a time series of second-type images 950 (FIG. 9).
In this embodiment, method 1000 may further include a step
1006 of generating the time series of second-type images.
The time series of second-type images, or underlying sec-
ond-type image data, may be captured concurrently with the
time series of image data used to generate the time series of
images processed in step 1010. For example, second imag-
ing device 910 (FIG. 9) captures a time series of second-type
images 950 (FIG. 9) concurrently with imaging device 110
(FIGS. 1 and 9) capturing time series of image data 150
(FIGS. 1 and 9).

FIG. 11 illustrates one exemplary method 1100 for over-
laying at least a portion of a time series of first-type images
of a first area of interest of a patient on a time series of
second-type images of a second area of interest of the
patient, wherein the first and second areas of interest at least
partially overlap. The second-type images are of type dif-
ferent from the first-type images. Method 1100 may be
performed by system 900 (FIG. 9). Method 1100 is similar
to method 1000 (FIG. 10) except that step 1060 is replaced
with a step 1160.

In step 1160, at least a spatial portion of the time series of
images processed in step 1010, which meets specified
requirements to the degree and/or nature of correlation with
the time series of cardiovascular data, is overlaid on a time
series of second-type images. For example, processor 230
(FIGS. 2 and 9) executes image overlay instructions 962
(FIG. 9) to overlay a spatial portion of time series of image
data 150 (FIGS. 1 and 9), or a time series of images
generated therefrom, which meets requirements to correla-
tion with time series of correlation-indicating image on a
time series of second-type images 950 (FIG. 9).

EXAMPLE I: Real-time Electrical Impedance
Variations in Phantoms and in Women with and
without Breast Cancer

In this Example, an embodiment of system 100 (FIG. 1)
performs cardiovascular-dynamics correlated imaging of (a)
pulsating phantoms and (b) breasts of female patients
according to an embodiment of method 300 (FIG. 3). In the
embodiment of system 100 utilized in this Example, imag-
ing device 110 is an EIT device and cardiovascular mea-
surement device 120 is a pulse-oximeter.

Imaging Breast Tumor Hemodynamics

Neovasculature occurs primarily at a tumor’s periphery
while its center tends to undergo necrosis. The physiological
phenomena occurring within the microvasculature surround-
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ing the tumor is complex, and studies have shown this
network of vessels to be chaotically arranged, permeable
capillaries. Benign lesions are vascularized as well, but they
are more well-defined and lack the chaotic structures of
many malignant tumors.

As blood flows through the vasculature it experiences a
periodic pulsatillity synchronized to the beating of the heart.
The presence of the excessive chaotically arranged vascu-
lature around a malignant tumor may present a different
dynamic electrical impedance signature than that obtained
from normal and benign tissues within the breast. A high-
speed, precise EIT system may be capable of imaging this
periodic blood flow by recording measurements at various
phases within the cardiovascular cycle. Further, collecting
data at specific phases within the cardiac cycle, but over
multiple cycles, will provide a multiplicity of data that can
be averaged to increase noise suppression and improve
image contrast. This would provide a new contrast mecha-
nism that is different from that available through static and
multi-frequency FIT which may prove more successful at
differentiating breast tissues based on the dynamic charac-
teristics of their blood flow instead.

EIT Imaging and Image Synchronization

Dartmouth’s third generation breast EIT system, an
embodiment of imaging device 110 (FIG. 1), is capable of
collecting high frame rate data, >40 frames per second (fps),
as described previously in R. J. Halter, A. Hartov, K. D.
Paulsen, “A broadband high frequency electrical impedance
tomography system for breast imaging,” IEEE Transactions
on Biomedical Engineering, vol. 55, pp. 650-59, 2008 and in
R. J. Halter, A. Hartov, K. D. Paulsen, “Video Rate Electrical
Impedance Tomography of Vascular Changes: Preclinical
Development,” Physiological Measurement, vol. 29, no. 3,
pp- 349-364, 2008, both of which are incorporated by
reference herein in their entireties. Briefly, this EIT system
is a wide-bandwidth (10 kHz-10 MHz), 64 electrode, volt-
age-driven system specifically designed for use in breast
imaging. In high-speed acquisition mode it collects bursts of
40 frames of data at a user specified frame rate (up to 180
ps); following acquisition the data is off-loaded from the
system electronics to an interface computer for post-pro-
cessing and image reconstruction. The computer is an
embodiment of processing device 130 (FIG. 1).

The system has been upgraded with a cardiovascular
monitoring unit (CMU) to permit external triggering of data
collection. Specifically, a USB-based analog signal capture
device (PMD-1608FS, Measurement Computing, Massa-
chusetts, USA) interfaced to the EIT system computer (an
embodiment of processing device 130 (FIG. 1)) is used to
record an external biophysical signal. The PMD-1608FS is
coupled with a pulse-oximetry sensor to form an embodi-
ment of cardiovascular measurement device 120 (FIG. 1).
The PMD-1608FS has eight single-ended analog inputs that
are captured and converted to the digital domain with 16-bit
ADCs. The EIT system software continuously scans a single
analog input channel at a rate of 62.5 Hz and a software-
based threshold detection scheme is used to trigger EIT data
acquisition. Thresholds are manually selected based on the
characteristics of the input signal. This provides the ability
to trigger EIT data acquisition synchronously with the QRS
complex of an ECG waveform or the peak in the oxygen
saturation signal sampled from a pulse-oximeter. The car-
diovascular signal is recorded simultaneously while EIT
data acquisition occurs. Following acquisition of a 40 frame
burst of data, additional bursts of frames can be recorded.
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When an arbitrary number of bursts are collected, data
acquisition is halted and the data is transferred for offline
image reconstruction.

For the phantom experiments and patient series reported
here, the system was configured to image a single plane,
consisting of a circular ring of 16 electrodes. The 15 optimal
trigonometric voltage patterns for a 16 electrode system, as
defined in D. Isaacson, “Distinguishability of conductivities
by electric current computed tomography,” TEEE Trans.
Med. Imaging, vol. 5, pp. 91-95, 1986 which is incorporated
by reference herein in its entirety, were used as the driving
patterns. Each acquisition frame consisted of 240 voltages
measurements (15 patterns x 16 electrodes) which were
arranged in the column vector V,. Each forty-frame burst of
recorded voltages defined a non-square matrix, V,=[V, V,
V5 ... V], where n represents the burst number when
multiple bursts of image frames are collected. The corre-
sponding biophysical signal sampled at 62.5 Hz defined a
column vector y,=[y,, ¥z, Y35 - - - Ynvesampres) fOr €ach
40-frame burst, where n=1, 2, 3, . . . Ny, and N_ 0z
the length of'y,, is based on the duration of the 40-frame EIT
burst collection window. This length is a function of the EIT
frame rate and for the data presented here is fixed at 17.3 fps.
The EIT data collection method described in this Example is
an embodiment of step 410 (FIG. 4). The series of V,, is an
embodiment of time series of image data 150 (FIG. 1). The
series of y, is an embodiment of time series of cardiovas-
cular data 160 (FIG. 1).

Image Reconstruction

Image reconstruction is performed according to step 420
with steps 430 and 432 (FIG. 4). This Example used a finite
element (FEM) based linear difference algorithm to estimate
the changing conductivity distribution between frames. A
2D circular mesh with 640 elements, 353 nodes and scalable
diameter was generated to model the experimental geom-
etry. The change in conductivity, Ag,, at each of the mesh
nodes is calculated from Ao~J7T+AL'T)™" J¥ {V¥-V ],
i€l, 2,3,...,40, (Eq. 1) where ] is a Jacobian matrix
representing the sensitivity of changes in boundary voltages
to changes in conductivity, L is a Laplacian regularization
matrix, and A is a regularization parameter used to stabilize
the inversion, V'¥ is a set of boundary voltages designated
as a reference conductivity distribution, while V, is the set of
boundary voltages collected during each frame i. J is com-
puted from the reference boundary voltages via the adjoint
method disclosed in N. Polydorides and W. R. B. Lionheart,
“A Matlab toolkit for threedimensional electrical impedance
tomography: a contribution to the electrical impedance and
diffuse optical reconstruction software project,” Meas. Sci.
Technol,, vol. 13, pp. 1871-1883, 2002 which is incorpo-
rated by reference herein in its entirety, and is fixed for each
Ao; calculation. The vector Ao, represents the 353 nodal
change in conductivity values at each frame i and is com-
puted using the change in measured boundary voltages with
respect to the reference. V, . is defined as the mean of all
voltages recorded from a single burst of data,

Taking the mean across all frames provides a less noisy
reference from which to calculate conductivity changes. Ag;
is calculated using Eq. 1 for each of the 40 frames recorded
from a single acquisition burst. Empirical testing demon-
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strated that a A of 0.001 provided a sufficient level of
regularization to ensure stable inversion. Within each burst,
Ao,=[Ac; Ao, Ao, . .. Ao,] represents the spatiotemporal
sequence of changing conductivity estimates.

Correlation Evaluation

FIG. 12 illustrates a method 1200 used in this Example for
evaluating correlation between the time series of EIT images
and the time series of pulse-oximeter measurements.
Method 1200 is an embodiment of method 300 (FIG. 3).

Following data acquisition and Ao image reconstruction,
the temporal data (Ao images, Ag,, and biophysical signal,
y,) were analyzed in order to assess (a) the beat-to-beat
correspondence between the cardiovascular and Ao signa-
tures and (b) the inter-beat statistics of these signals. The
cardiovascular signal being sampled (either the ECG or
pulse-ox waveform) provided a surrogate measure of blood
flow through the breast and was the means of comparison to
which the temporal conductivity changes were evaluated.
Note that this signal provided only a relative reference for
comparison since it is dependent on the location of the
pulse-ox (i.e. finger-based vs. carotid sampling). Sampling
40 frames/burst at 17.3 fps provided a 2.3 second sampling
window. Resting heart rates typically ranged from 50-90
bpm (0.83-1.5 beats per second (bps)) resulting in 1.9 to 3.45
heart beats being sampled per burst during this 2.3 second
window. Relatively large conductivity changes were present
during phantom imaging and the signatures acquired from a
single acquisition burst (40 frames) provided sufficient detail
for identifying the temporal and spectral characteristics of
the spatio-temporal conductivity variations induced. How-
ever, for dynamic breast imaging, the conductivity changes
are much smaller and require additional processing over
multiple bursts to characterize the signals. Specifically, a
single heart beat was extracted from each 40-frame burst to
provide multiple cardiac events for processing.

In a step 1210, method 1200 receives N,,,,., time series of
images Ao, (the temporal change in conductivity sampled at
an interval of T =57.8 ms) and N, time series of cardio-
vascular data y, (the cardiovascular signal being monitored
at a sampling interval of T =16 ms).

In a step 1220, method 1200 resamples the N, ., time
series of images Ao, to match the series of times associated
with the time series of cardiovascular data y,,. Step 1220 is
an embodiment of step 530 (FIG. 5). Because T #T. Ao,
was resampled using cubic spline interpolation to match the
sampling rate of y,. This resampling was performed over
each of the image nodes and ensured that the resampled
signal, Ao, and y, were of the same length, with each
sample occurring at equivalent instances in time. Each
40-frame burst was resampled in a similar fashion.

In a step 1230, method 1200 identifies and extracts a
single heartbeat cycle in each time series of cardiovascular
data y,. Step 1230 is an embodiment of step 610 (FIG. 6).
Step 1230 and subsequent steps 1240, 1250, 1260 and 1270
are collectively an embodiment of method 600 (FIG. 6). A
single cardiac cycle was extracted from each burst. This was
accomplished by determining successive peaks within the
cardiovascular signal, y,, and extracting the corresponding
temporal points from within the Ao, sequence. Prior to peak
detection, the cardiovascular signal at each time instant i was
demeaned and normalized. Identifying the peak depended
on the signal sampled and for the case of pulse-oximetry
signatures, a derivative-based algorithm was employed as a
simple, accurate and eflicient mode of peak detection. To
this end, the first-order difference, A, is calculated across the
entire temporal sequence and normalized: A=y,, -y, (€1, 2,
3,...N -1) and A=A/max(A). A peak was defined as
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the time at which the maximum A occurred within a pre-
defined window beginning at the time point at which A
exceeded a specified threshold. The threshold, T, was empiri-
cally determined by trial and error. The first peak, I';, was
defined as the maximum A found within the window, 1,
following the first instance at which T was exceeded, i
F:max(&-r, Aim, Aiﬂz, C Aiw)‘ For the pulse-oximetry
signals acquired here, a T 0of 0.35 and 1 of 20 proved robust
in detecting the first oxygen saturation peak in each of the
acquired bursts. The second peak, I';, was similarly found
by providing the detection algorithm the cardiovascular
signature ranging from the end of the first peak window,
i+, to the sequence end.

In step 1240, a single cardiovascular period and the
corresponding A, sequence ranging from T, to T, were
extracted from the original sequences $=y(I',I";+1,
[,42,...T,) and Ac=Ao(I',.I',+1,I'1+2, . . . T,).

In step 1250, method 1200 resamples, for each single
heartbeat cycle, the time series of images Ao and the time
series of cardiovascular data ¥ to emulate a constant heart-
beat rate. Heart-rate variability is a well-established phe-
nomenon which manifests itself in this Example as the
temporal length of § and Ao for each burst being variable.
In order to account for this variability, the extracted single-
beat sequences were resampled using cubic spline interpo-
lation with a fixed number of samples (=40) to occur over a
temporal duration of 1 second, effectively enforcing a 1 bps
heart rate. By enforcing a fixed number of samples occurring
over the 1 second interval, the sequences extracted from
each burst were easily compared.

In step 1260, individual heartbeat cycles § and Ao are
concatenated to form a time series of images Ao(t) and a
time series of cardiovascular data y(t) that span multiple
heartbeat cycles.

In step 1270, method 1200 analyzes the concatenated data
generated in step 1260 to calculate parameters indicative of
correlation between the time series of images Ao(t), for one
or more selected spatial ROIs, and the time series of
cardiovascular data y(t). Image analysis consisted of extract-
ing the mean Ao within a specified spatial ROI from each
frame, according to output of step 601 (FIG. 6). This
extraction provided a temporal sequence of Aog,/t) corre-
sponding to a specific region inside the imaging domain. The
temporal signature of each sequence was filtered using an
81-tap Hamming window with a cutoff frequency of 8.65 Hz
(V2 of the 17.3 Hz sampling frequency) and padded with
zeroes prior to taking the 512-point Fast Fourier Transform
(FFT). The power spectra, AZ(f) and Y(f), were estimated as
the square of the individual frequency components extracted
from the FFT (i.e. AS(D=IFFT (Ao(t)I?). In patients several
spectral and temporal measures were used to parameterize
the waveforms. Specific parameters are discussed in the
following:

Spectral Correlation Coeflicient, r.: Correlation coeffi-
cient between the oxygen-saturation spectra, Y(f) and the
AZ(T) spectra. The correlation was obtained for frequencies
ranging from 1 Hz to 8.65 Hz. DC to 1 Hz signals were not
included because the shortest frequencies able to be gauged
were 1 Hz due to the resampling procedure.

Maximum Temporal Correlation Coefficient, r, ,..: Maxi-
mum correlation coefficient occurring between the oxygen-
saturation signal and a phase-shifted Au signal (calculated
according to an embodiment of method 700 of FIG. 7). The
correlation coeflicient was computed at each degree of phase
shift and r,,,,,, denotes the maximum correlation coeflicient
obtained through the entire phase-shifting procedure.
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Phase Shift ¢(t,,,..) at 1, .. The phase shift leading to
the maximum correlation coefficient (t,,,..) between the
oxygen saturation signal and Ao signal (calculated accord-
ing to an embodiment of method 700 of FIG. 7). This
represents the phase shift required to produce the maximum
correlation coefficient.

Spectral Power Ratio, P, : The ratio of total spectral
power within one frequency band in reference to a second
frequency band as defined by: Px:y:fﬁﬁAZ(f)df/féﬁ‘AZ(f)df.
Three spectral power ratio’s for each AX spectrum were
computed: Py, ., (f,=1 Hz, £,=4.325 Hz, f;=1 Hz, {,=8.65
Hz), P (£,=4.325 Hz, 1,=8.65 Hz, f;=1 Hz, ,=8.65
Hz), and P, .., (f;=1 Hz, 1,=4.325 Hz, 1;=4.325 Hz,
f,=8.65 Hz).

Phantom Imaging—FExperimental Configuration

FIG. 13 illustrates the system 1300 used for the cardio-
vascular-dynamics correlated phantom imaging. A series of
phantom experiments were conducted in the same way that
patient data was collected in order to evaluate system
performance. An 8 ¢m circular tank 1310 fitted with 1 cm
stainless steel electrodes 1314 was positioned within the EIT
system 1320. A saline solution 1312 (0=0.113 S/m) was
added to tank 1310 to a height of 2 cm just covering the
bottom layer of electrodes 1314. A pulsating latex balloon
1330 positioned within saline solution 1312 was used to
simulate a dynamically varying low conductivity volume. A
two-port Y-type connector 1332 interfaced to balloon 1330
allowed fluid to flow in and out of the membrane. Flexible
tubing 1334 extending from one of the ports was interfaced
through a programmable COBE heart-lung precision blood
pump 1340 (COBE Lakewood, Colo.) to a second saline
bath 1352 (0=0.014 S/m). This solution was pumped
through balloon 1330, and a flexible tube 1335 connected to
the second port acted to drain fluid from balloon 1330. An
Agilent 33120 A arbitrary waveform generator 1350 (Agilent
Technologies, Santa Clara, Calif.) was used to generate both
sine and square waves of particular amplitudes and frequen-
cies to drive pump 1340. The back V,, signal of the pump
was sensed by cardiovascular monitoring unit 1360 (PMD-
1608FS discussed above) and used to trigger EIT data
acquisition by EIT system 1320 through control PC 1370.

Eight different pumping schemes were imaged. Sine wave
excitations at 1 Hz, 2 Hz, and 4 Hz were used, followed by
square wave excitations at 1 Hz, 2 Hz, and 4 Hz. The drive
amplitude for each of these waveforms was a constant 1V, ,
which resulted in balloon 1330 diameter changes of 1-3 mm
per cycle with the maximum balloon 1330 diameter extend-
ing to approximately 2 cm. Ten 40-frame bursts were
collected at 17.3 frames per second for each driving con-
figuration at 127 kHz.

Phantom Imaging—experimental Results

FIG. 14A-14C display exemplary temporal sequences
1410, 1420, and 1430 of Ao images occurring over a single
40-frame burst for sine wave excitation at 1 Hz, 2 Hz, and
4 Hz, respectively. Each of temporal sequences 1410, 1420,
and 1430 is displayed such that the first row should be read
from left to right, then the second row should be read from
left to right, etc. The greyscale map used in FIGS. 14A-14C
represents Ao and ranges from -8 mS/m to 8 mS/m.

The pulsing balloon 1330 was well localized in each burst
of frames for all excitation drive configurations. Regions of
low and high Ao, corresponding to inflation and deflation of
balloon 1330, have a decreased temporal period as the
excitation frequency increases. A 2 cm diameter circular
ROI was defined around the node having maximum change
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in conductivity over the course of the burst (x=2.2 cm, y=0.2
cm) and the mean Ao within the ROI from each frame was
extracted.

FIGS. 15A and 15B show temporal sequences and power
spectra for each of the drive frequencies with sine wave
excitation and square wave excitation, tespectively. Plots
1512, 1522, and 1532 show temporal sequences at 1 Hz, 2
Hz, and 4 Hz drive frequency, respectively. Plots 1514,
1524, and 1534 show power spectra at 1 Hz, 2 Hz, and 4 Hz
drive frequency, respectively. Likewise, plots 1542, 1552,
and 1562 show temporal sequences at 1 Hz, 2 Hz, and 4 Hz
drive frequency, respectively, and plots 1544, 1554, and
1564 show power spectra at 1 Hz, 2 Hz, and 4 Hz drive
frequency, respectively. Solid line denotes Ao and dashed
line denotes V., -sensed by the EIT system for triggering.
Note that in square wave variation, harmonics in Ao occur
at 1 Hz, which are absent in the higher frequencies because
of the low pass filter effect of the long fluid paths within the
system.

The temporal sequences and power spectrum from each of
the drive configurations demonstrates that the temporal
changes in conductivity and its spectral signature correlated
well with that of the recorded pump drive voltage, V,,,» The
phase shift noted between the temporal Ac and V., . traces
is due to the phase introduced by the hydrodynamic coupling
between the pump and fluid network. During sine wave
excitation, the principal spectral component for each drive
configuration coincided with the programmed drive fre-
quency at 1 Hz, 2 Hz, and 4 Hz. The additional peak in the
2 Hz and 4 Hz configurations at ~1 Hz is due to rigid balloon
1330 translation and saline solution displacement as the
tubing moved during the pumping procedure. During square
wave excitation, pump 1340 was unable to generate a square
wave at 4 Hz due to inertial damping within the motor. At
1 Hz and 2 Hz, however, pump 1340 was able to specify a
square wave rotation (see FIG. 15B). As expected the
hydrodynamic network interfacing pump 1340 and reservoir
to balloon 1330 acted as a low pass filter. As a result, the Ao
images acquired during square wave excitation do not
clearly display the sharper edges (high frequencies) present
in the recorded V,, - of pump 1340. However, within the
spectral domain, the Ao signatures at 1 Hz show both the
principal component at 1 Hz and the 1* odd harmonic at 3
Hz similarly to the V_, - spectrum. This harmonic was not
present during sine wave excitation and demonstrates the
system’s ability to sense multi-frequency components
within a single temporal event. The odd harmonics were not
found in the Ao spectra for the 2 Hz square wave because the
low-pass action of the hydrodynamic network acted to filter
out these small harmonics. In addition, the 1st odd harmonic
(12 Hz) for the 4 Hz excitation fell outside the bandwidth of
EIT acquisition (8.65 Hz).

Breast Imaging—Procedure

Women were recruited to be imaged with dynamic EIT,
according to method 300 (FIG. 3) and using an embodiment
of system 100 (FIG. 1), as part of an Institutional Review
Board approved study at the Dartmouth-Hitchcock Medical
Center (Lebanon, N.H., USA). The imaging procedure is
described in detail in R. J. Halter, A. Hartov, K. D. Paulsen,
“A broadband high frequency electrical impedance tomog-
raphy system for breast imaging,” IEEE Transactions on
Biomedical Engineering, vol. 55, pp. 650-59, 2008 which is
incorporated by reference herein in its entirety. Briefly, each
woman was positioned so that one breast hung pendant
through an opening in the EIT examination table. The
electrodes were actuated to come into contact with the breast
and an effective contact impedance was gauged at each
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electrode to ensure that all were in contact with the skin.
Conductive gel administered between the electrode and the
skin reduced the level of this contact impedance. A finger-
based pulse-oximetry sensor was placed on the index or
middle finger of the patient and interfaced to an N-395 Pulse
Oximeter System (Nellcor Pleasanton, Calif. USA), an
embodiment of cardiovascular measurement device 120
(FIG. 1). The device had an analog output port that provided
a filtered oxygen saturation signal to the cardiovascular
monitoring unit of the EIT system. This signal provided
triggering for EIT image acquisition and was recorded
during image acquisition so that post-acquisition correlation
analysis between the cardiovascular and Ao signals could be
evaluated.

In the same way the balloon experiments were conducted,
multiple 40-frame bursts of EIT voltages were acquired at
17.3 fps. The individual bursts were triggered to begin when
the pulse-oximetry signal reached a user-specified threshold
selected to occur near the apex of oxygen-saturation during
each heartbeat. This threshold was specifically selected for
each patient based on the characteristics of the measured
signal which varied due to differences in sensor placement,
finger thickness, and other factors. Triggering image acqui-
sition to start precisely at the peak of the pulse-oximetry
signal was not critical since a single full heart-beat event was
extracted from each data-burst using method 1200 (FIG. 12).

Following data acquisition (both EIT and pulse-oximetry
voltages), Ac images were reconstructed for each 40-frame
burst, method 1200 (FIG. 12) was implemented, and the
correlative and spectral power parameters (r,, Q(f, g
€y mavs Liowspuars Prugtiputts Piowsnign) Were extracted for a par-
ticular ROI (described below). The procedure was per-
formed for both the left and right breast of each patient
imaged in this study.

The clinical evaluation of the cancer patients participating
in this study, included MRI-based tumor identification and
localization and biopsy-based pathological confirmation of
disease. Clinical reports included the approximate tumor
location (side and clock face) and tumor size. Because of the
approximate nature of the description of tumor location and
because there was not a one-to-one correspondence between
MR and EIT imaging, the spatial ROIs selected for analysis
were assigned to be all nodes within a particular Ao image
quadrant. Quadrants designated as 1, 2, 3, and 4 corre-
sponded to the area on a clock-face covered by 12:00-3:00,
3:00-6:00, 6:00-9:00, and 9:00-12:00, respectively. Based
on the clinical tumor description, each quadrant was desig-
nated as either benign or malignant.

Breast Imaging—Results

Nineteen (19) women were imaged following this proto-
col (10 with cancer, 9 with no cancer). Among the 19 women
imaged, there were 13 quadrants identified as malignant and
139 designated at benign (152 total quadrants=19 womenx2
sidesx4 quadrants).

FIG. 16 shows tumor characteristics for the cancer con-
taining quadrants in tabular form, wherein RD denotes
Radiographic Density, Bx Path denotes biopsy based patho-
logical findings, and Enhancement and Kinetics describe the
washout dynamics of contrast-enhanced MR studies.
ED=extremely dense, HD=heterogeneously  dense,
SC=scattered, = DCIS=ductal carcinoma in situ,
IDC=intraductal carcinoma. No MRI was obtained for
patient 9. In three patients (2, 8, and 10), the lesions were
identified at the 12:00 location and were therefore assigned
to both quadrants 1 and 4. The temporal Ao signatures
observed in this patient cohort provided less obvious infor-
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mation than those obtained from the balloon experiments
due to the much smaller changes in Ao that occurred in vivo.

FIGS. 17A and 17B show exemplary 40-frame Ao image
bursts for a control (normal) and cancer patient, respectively
with no obviously differentiating features noted between the
two. A 30 mmx30 mmx25 mm tumor was identified in MRI
in quadrant 4 of the cancer patient (FIG. 17B). The greyscale
map represents Ao and ranges from -5 mS/m to 5 mS/m.

FIG. 18 shows temporal and spectral signatures extracted
from a benign quadrant of patient 2 along with associated
oxygen-saturation signals. Plots 1810 and 1820 show oxy-
gen-saturation (y) and change in conductivity (Ao) as a
function of time. Plots 1830 and 1840 show power spectrum
for these signals, Y and AZ, respectively. Correlative and
power spectral ratio parameters including r,, P,z
Prien s @04 Py, are also displayed in FIG. 18.

FIG. 19 shows temporal and spectral signatures extracted
from a malignant quadrant of patient 4 along with associated
oxygen-saturation signals. Plots 1910 and 1920 show oxy-
gen-saturation (y) and change in conductivity (Ao) as a
function of time. Plots 1930 and 1940 show power spectrum
for these signals, Y and AZ, respectively. Correlative and
power spectral ratio parameters including r, Py, s
Prien s @00 Py, are also displayed in FIG. 19.

The correlative and spectral power parameters displayed
in FIGS. 18 and 19 demonstrate two features that were
observed in multiple cases. First, the temporal and spectral
correlations between Ao and the oxygen-saturation signa-
tures are quite low (r<0.09) for the cancer quadrant (FIG.
19), while the benign quadrant (FIG. 18) demonstrates a
larger correlation (r>0.24). Second, the spectral traces have
more dispersive and dominant low frequency components in
the cancer containing quadrant (FIG. 19). When the quad-
rants were divided amongst benign and malignant groups
and conipared, these two observations were consistent and
significant.

FIG. 20 shows, in tabular form, statistics of normal and
cancer patient obtained from processing of each quadrant of
data.

FIG. 21 shows mean parameters for normal and cancer
patients. Plots 2110, 2120, 2130, 2140, 2150, and 2160 show
I5 (P(rt,max)7 rt,max7 Plowfulb Phighfull? Plow:high7 reSPECtiveIY'
In each of plots 2110, 2120, 2130, 2140, 2150, and 2160, the
leftmost column is derived from malignant quadrants and
the rightmost column is derived from benign quadrants.

As evident from FIGS. 20 and 21, all parameters were
found to be significantly different (p<0.05) when grouped as
malignant and benign, and all but P, ,,.,, reached signifi-
cance levels of p<0.01. In addition, no significant differ-
ences (p>0.1) were noted between the spectral power ratios
of the benign and malignant oxygen-saturation signals veri-
fying the fact that the cardiovascular signals were similar in
both patient cohorts.

FIG. 22 shows receiver-operating characteristics for each
of the parameters displayed in FIG. 21.

FIG. 23 shows, in tabular form, clinical metrics associated
with the receiver-operating characteristics displayed in FIG.
22, such as the area under the curve (AUC) and other
relevant clinical metrics including sensitivity (SN), speci-
ficity (SP), accuracy (ACC), positive predictive value
(PPV), and negative predictive value (NPV). The AUC’s of
all parameters were greater than 0.67 with r, . being the
best discriminator with an AUC of 0.8, SN of 77%, and SP
of 81%. The rather low PPV and high NPV are due to the
large difference between benign and malignant sample sizes
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(139 quadrants vs. 13 quadrants). The thresholds for obtain-
ing these levels of SN and SP are also provided in the FIG.
23.

Breast Imaging—Discussion

The normal breast is vascularized with a well-organized
and regulated network of large feeding arteries and veins
coupling into smaller arterioles, capillaries, and venules.
The branching pattern is typically dichotomous as the net-
work extends from the chest wall through the length of the
breast. Around tumors, the vasculature environment is sig-
nificantly different. Here, the vasculature is of irregular size,
shape. and branching pattern and the network lacks normal
hierarchy with haphazard branching patterns of trifurcated,
uneven diameter vasculature junctions. Vessel density is
higher around the tumor periphery with the mean vessel
density at the tumor edge being 4-10 times higher than that
inside the tumor. In addition, the individual vessels are
compromised, with larger inter-endothelial junctions,
increased fenestrations, vesicles and vesico-vascular chan-
nels and lack of normal basement membrane. These features
result in lower perfusion rates (blood flow per volume),
lower red blood cell velocity, heterogenous and chaotic
blood flow around the tumor periphery, and a situation in
which plasma oozes from the tumor periphery into the
surrounding normal tissues. These abnormalities in blood
flow dynamics generate different temporally-varying con-
ductivity environments than those associated with the
benign breast.

While the Ao images observed here (FIGS. 17A and 17B)
do not display well-resolved blood flow and vasculature
patterns, the average value within specific regions of interest
do appear to provide signatures that are significantly differ-
ent in benign versus malignant breast tissues. The lower
correlative parameters (r, and r,,,,.) for malignant regions
potentially arise from the heterogeneous blood flow around
and within the tumor. In benign vasculature, the blood flow
is more homogenous and more synchronized with the car-
diovasculature signature which may explain the somewhat
higher correlative parameters observed in these regions. For
both malignant and benign tissues these correlative factors
are only modest (mean r<0.306); this is potentially due to the
effect of averaging a full quadrant of data in the analysis.
Smaller ROI’s will potentially provide areas with higher
correlations; however, for the purpose of this study one-to-
one correspondence between EIT and clinical MR images
was not available and precluded a more refined ROI defi-
nition.

Both benign and malignant quadrants had the majority of
the spectral energy concentrated in the low frequency band
of 1 to 4.325 Hz, similarly to the oxygen-saturation (blood
flow) signatures (FIGS. 18 and 19). The malignant quad-
rants, however, had a larger proportion of the energy in this
lower band as compared to the higher frequency band (2.6
vs. 1.8, FIG. 20). Leaky vasculature surrounding tumors
provides low resistance pathway for blood to “ooze” into the
interstitial spaces which may produce more low frequency
blood flow signatures than those occurring in uncompro-
mised, more rigid benign vasculature. Further, the low
frequency energy appears to be more dispersive in the
malignant quadrants than in the benign quadrants (e.g. see
FIGS. 18 and 19). This observation may arise from the
extensive microvasculature around tumors which has been
demonstrated to promote velocity fluctuations that might
explain the more dispersive spectral content of the blood
flow signatures in the cancer quadrants. The hypotheses
formulated from these observations require further experi-
mentation to better understand the biophysical mechanisms
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producing the effects. Animal models explicitly evaluating
the dynamically changing electrical properties associated
with pulsatile blood flow through tumor vasculature may
provide further insight.

Despite not having a definitive explanation for the sig-
nificant differences observed between benign and malignant
blood flow patterns as gauged by EIT, the clinical metrics
computed suggest this modality has potential for differen-
tiating benign from malignant tissues within the breast. The
optimum discriminating parameter, t, ... provides a sense
of how well the changing conductivity distribution within a
region correlates with the periodic blood flow pattern. In
benign tissues this parameter seenis to have a higher corre-
lation (~0.3) compared to malignant tissues where very little
correlation (~0.09) appears, suggesting that in these regions
the heterogeneous flow patterns associated with malignancy
do not follow that of the cardiac-driven blood flow.

EXAMPLE II: Electrohemodynamic Correlation
Imaging in Breast

In this Example, an embodiment of system 900 (FIG. 9)
is used to create images of the spatial correlation of tempo-
rally varying electrical properties of breast tumors to pul-
satile oxygen-saturation signatures. This Example utilizes an
embodiment of system 900, wherein imaging device 110
(FIG. 1) is an EIT imaging device, cardiovascular measure-
ment device 120 (FIG. 1) is a pulse-oximeter, and second
imaging device 910 is an MRI device. Additionally, this
example utilizes an embodiment of method 600, wherein
step 601 is performed based upon images generated by the
MRI device. Specifically, EIT images were recorded syn-
chronously with pulse-oximetry in a series of 18 women (8
with cancer, 10 without cancer) at 20 frames per second for
time series of 7-10 cardiac cycles. Using an embodiment
method 300 (FIG. 3) including step 350, correlations maps
(embodiments of the correlation-indicating images dis-
cussed in connection with step 350) representing the rela-
tionship between temporally varying electrical conductivity
and pulse-oximetry were computed for both breasts of each
subject. Significantly lower correlations were found in
malignant as compared to benign regions, and appear to
serve as surrogate measures of tumor hemodynamics likely
as a result of the vastly different vascular patterns in malig-
nancies. The correlation metric provided predictive clinical
value and is suggested as a potential biomarker for use in
screening, diagnostic, or therapy monitoring populations.

Results—Patient Population

Bilateral pulse-oximetry gated dynamic electrical conduc-
tivity images of the breast were acquired from 18 women.
Eight of these participants had biopsy confirmed carcinoma
(American College of Radiology (ACR) BIRADS category
6), one woman had a biopsy confirmed benign parenchymal
lesion noted on mammography (ACR BIRADS category
4B), and nine women had no mammographic abnormalities
(ACR BIRADS category 0).

FIG. 24 shows patient characteristics. Radiographic den-
sity categories are: extremely dense (ED), heterogeneously
dense (HD), and scattered density (SD).

FIG. 25 shows abnormal cohort characteristics, wherein
IDC refers to intraductal carcinoma, DCIS refers to ductal
carcinoma in situ. No MRI was obtained for patient 9;
characteristics for patient 9 are based upon mammographic
interpretation only.

Results—Correlation Images of Pulsatile Conductivity

FIGS. 26A-E show a representative sequence of changing
conductivity and its correlation with pulsatile oxygen satu-
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ration for a woman with a pathologically confirmed inflam-
matory breast cancer in the upper outer quadrant of her right
breast. In this case, the change in conductivity ranged from
-7.9 mS/m to 6.3 mS/m with respect to baseline over the
course of eight heartbeats, as seen in FIGS. 26 A and 26B. No
visually-evident signatures differentiated benign from
malignant regions within the breast in the raw conductivity
images (see FIG. 26A). The change in conductivity (Au) at
a single image pixel was extracted from benign and malig-
nant regions at each time instant (see FIGS. 26C and 26D).
When these dynamic conductivity signatures were phase-
shifted and linearly correlated with the oxygen saturation
signal (FIG. 26B), substantial differences in the maximum
correlation coeflicients (1, ,1,0,am=0-04 V8. Tp,0,=0.25 for
the example shown) were observed. The temporal conduc-
tivity sequence at each image pixel was extracted and its
correlation with the oxygen saturation signal was computed.
The correlation coefficient calculated at each pixel was used
to form an image of the correlative power between the
pulsatile conductivity and the oxygen saturation signal (see
FIG. 26E).

Results—Imaging Women with Breast Cancer

FIGS. 27A-E show results obtained by imaging women
with breast cancer. Magnetic resonance (MR) imaging stud-
ies were obtained from the nine women with mammographi-
cally noted abnormalities, and the lesions were identified by
clock face position and size, as shown in FIG. 27A. The
corresponding right and left correlation maps were con-
structed for each of these cases (FIG. 27B). The mean
correlation coeflicient computed within a user-specified
region-of-interest (ROI) surrounding the lesion was com-
pared to a symmetrically designated ROI in the contralateral
breast. The tumor ROI was manually selected at a region of
low correlation in close proximity to the clinically identified
position. The mean correlation coeflicient of the cancer ROI
was less than that in the symmetric benign ROI in seven of
the eight carcinoma cases (FIG. 27C) with the benign-to-
cancer ratio ranging from 1.9 to 25.8 (mean+SD: 9.2+9.1).
FIG. 28 shows a correlation coefficient table for the abnor-
mal cohort. The tabulated correlation coeflicient represents
mean value within the specified ROI. The abnormal ROI of
patient 9 has benign breast parenchyma. The mean correla-
tion coefficient of all cancer ROIs was 0.0337x0.0318
(mean+SD) and for benign ROIs was 0.1103+0.0716
(mean+SD) and were significantly different (P=0.0064, test
power=0.86) (FIG. 27D). Receiver operating characteristic
(ROC) curves were constructed to assess the clinical poten-
tial for using these metrics to distinguish cancer from benign
regions within the breast. The area under the curve (AUC)
for this subset of women with previously identified abnor-
malities was 0.85 (FIG. 27E). At a correlation coeflicient
threshold of 0.06321 this metric had a sensitivity (SN) of
0.875, specificity (SP) of 0.8, accuracy (ACC) of 0.833,
positive predictive value (PPV) of 0.778, and a negative
predictive value (NPV) of 0.889.

Results—Comparative Imaging of Women with and with-
out Breast Cancer

FIGS. 29A and 29B show comparative results for women
with and without breast cancer. Correlation maps were
constructed for the right and left breast of each of the 18
women enrolled in this study. Instead of selecting specific
ROIs associated with regions of low correlation, the four
quadrants of each image were selected as a ROI. Based on
the MR imaging studies, the quadrants designated at the
cardinal locations (NE, SE, SW, NW) were then identified as
either malignant or benign. For those patients with lesions
identified at the 12:00 location, both NW and NE quadrants
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were designated as malignant (patients 2 and 8, FIG. 27A).
Of the 144 total quadrants (18 womenxtwo breastsx4 quad-
rants), 10 were identified as malignant and 134 as benign.
The mean correlation coefficient within the malignant quad-
rants (mean+SD: 0.107+0.067) were significantly less than
those within the benign quadrants (mean+SD: 0.186+0.088)
(P=0.0031, test power=0.96) (FIG. 29A). The AUC com-
puted from this patient population was 0.769 (FIG. 29B) and
the clinical metrics obtained at a correlation threshold of
0.118 were 0.8, 0.8, 0.8, 0.23, and 0.98 for SN, SP, ACC,
PPV, and NPV, respectively.

Methods—Subjects

Women with mammographically noted abnormal breast
lesions were asked to participate in our IRB-approved study.
These women underwent pulse-oximetry gated electrical
impedance tomography exams, followed by mammography
guided biopsy’s and magnetic resonance imaging studies in
the case of positive invasive carcinoma findings on biopsy.
Radiographic review of the MRI produce quantitative mea-
sures of lesion size and clock-face location in addition to the
qualitative metrics of lesion type, margin morphology, and
contrast enhancement pattern and kinetics. An ACR
BIRADS category based on MR and mammographic intet-
pretation was assigned to each lesion. This group of women
composed the abnormal cohort evaluated in this investiga-
tion. A second group of women with no noted abnormal
lesions was asked to participate as part of the normal or
benign cohort. This group of women did not undergo biopsy
or MRL.

Methods—Electrical Impedance Tomography

Each woman participating in the study was imaged using
pulse-oximetry gated dynamic electrical impedance tomog-
raphy (EIT), the same system as used in Example I. Both the
left and right breasts were evaluated during each imaging
session and a pulse-oximeter sensor was placed on either the
index or middle finger of the right hand. Sixteen 1 cm
diameter circular Ag/AgCl electrodes arranged in a retract-
able ring were brought into contact with the circumference
of the breast, and the imaging procedure was initiated. The
peak of the oxygen saturation signal recorded through
pulse-oximetry was used to trigger EIT data acquisition.
Multiple frames of EIT data were collected at 20 frames per
second and data acquisition occurred over multiple heart-
beats (7-10 heartbeats). Concurrently with EIT data acqui-
sition, oxygen-saturation was sampled as a surrogate mea-
sure of blood flow. EIT data was collected at 127 kHz—a
frequency where variation between the electrical conductiv-
ity of blood and both normal and cancerous breast tissue has
been reported. The radial diameter of the electrode array was
recorded during an exam for use in post data acquisition
image formation.

Methods—Image Analysis

As discussed in connection with Example I, a linearized
finite element based numerical algorithm was applied to
construct conductivity images for each EIT data frame as
described previously. This procedure produced a temporal
sequence of conductivity maps corresponding to the
sampled oxygen-saturation signal. Linear correlation coef-
ficients were computed between the temporal conductivity at
a single image location (pixel) and the recorded oxygen
saturation signal, and provided a measure of how well the
conductivity change was linked to the cardiovascular sig-
nature. These correlations were calculated for the full range
of phase-lags (0-360 degrees) between the signals, and the
maximum correlation independent of the phase-lag was
assigned to each image location from which a correlation
map was constructed. These maps depict regions where
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more or less correlation occurred between the oxygen satu-
ration signal (pulsatile blood flow) and the change in con-
ductivity. Additional details regarding signal analysis and
imaging processing are provided in Example 1.

Methods—Statistical Analysis

Within the abnormal group, we manually selected circular
regions of interest (ROI) in close proximity to MRI-based
lesion locations that had focal areas of low correlation. The
ROI was defined to have a diameter equivalent to the mean
of the MRI reported lesion dimensions. A second similarly
sized ROI was positioned in the contralateral breast at the
mirrored location. The mean correlation coeflicient within
each ROI was computed and served as the primary variable
for comparison. We performed ROC analysis to evaluate the
discriminatory power that this correlation metric provided
for differentiating malignant from benign regions. Within
the abnormal group, ROIs of the tumor-bearing breasts were
classified as malignant, while ROIs in the contralateral side
were categorized as benign. We calculated the AUC for these
curves and determined the classification threshold at which
an 80% specificity would be achieved. With this threshold,
we computed the clinical parameters of sensitivity, accuracy,
positive predictive value, and negative predictive value. In a
second analysis, we computed the mean correlation coeffi-
cient from each of the four quadrants comprising a corre-
lation map. These means were calculated for both breasts of
women in both the abnormal and normal cohorts. Each
quadrant was designated as malignant or benign based on
clinical image studies (MR and mammography). Similar
ROC analysis was performed to assess the discriminatory
power of these quadrant correlations. From this analysis
sensitivity, specificity, accuracy, positive predictive values,
and negative predictive values were computed. In both ROI
and quadrant-based analyses, two-group mean-comparison
t-tests were constructed to compare the benign and malig-
nant groupings. The power of each comparison was esti-
mated from the computed mean values and standard devia-
tions and the specific group sample sizes. All statistical
computations were performed with Stata/IC 10.0 (StataCorp
LP, College Station, Tex.) and results were deemed signifi-
cant for p<0.01.

Combinations of Features

Features described above as well as those claimed below
may be combined in various ways without departing from
the scope hereof. For example, it will be appreciated that
aspects of one cardiovascular-dynamics correlated imaging
system, or method, described herein may incorporate or
swap features of another cardiovascular-dynamics corre-
lated imaging system, or method, described herein. The
following examples illustrate possible, non-limiting combi-
nations of embodiments described above. It should be clear
that many other changes and modifications may be made to
the systems and methods described herein without departing
from the spirit and scope of this invention:

(A1) A method for cardiovascular-dynamics correlated
imaging may include receiving a time series of images of at
least a portion of a patient, receiving a time series of
cardiovascular data for the patient, and evaluating correla-
tion between the time series of images and the time series of
cardiovascular data.

(A2) The method denoted as (Al) may further include
determining a property of the at least a portion of a patient,
based upon the correlation between the time series of images
and the time series of cardiovascular data.

(A3) In the method denoted as (A2), the property may be
presence or non-presence of vascularized cancer tissue in the
at least a portion of a patient.
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(A4) The method denoted as (A3) may further include, if
the step of determining results in determining presence of
vascularized cancer tissue, diagnosing the patient with
tumor angiogenesis.

(A5) In the method denoted as (A2), the property may be
amount or type of vascularized tissue in the at least a portion
of a patient.

(A6) The method denoted as (AS) may further include
assessing progression of tumor angiogenesis from the
amount or type of vascularized tissue.

(A7) In any of the methods denoted as (A1) through (A6),
the step of receiving a time series of images may include
receiving a time series of electrical impedance tomography
images.

(A8) In the method denoted as (A7), the step of receiving
a time series of electrical impedance tomography images
may include receiving a time series of single-frequency
electrical impedance tomography images.

(A9) In the method denoted as (A7), the step of receiving
a time series of electrical impedance tomography images
may include receiving a time series of multi-frequency
electrical impedance tomography images.

(A10) In any of the methods denoted as (Al) through
(A6), in the step of receiving a time series of images, the
time series of images may be selected from the group
consisting of a time series of ultrasound images, a time
series of video endoscopy images, and a time series of
fluoroscopy images.

(A11) In any of the methods denoted as (Al) through
(A6), in the step of receiving a time series of images, the
time series of images may be selected from the group
consisting of a time series of magnetic resonance images and
a time series of computed tomography images.

(A12) In any of the methods denoted as (Al) through
(A11), the time series of images may define a plurality of
time series of images, and each of the plurality of time series
of images may be gated by the time series of cardiovascular
data to a different respective phase relative to the time series
of cardiovascular data.

(A13) In any of the methods denoted as (Al) through
(A12), the step of receiving a time series of cardiovascular
data may include receiving a time series of pulse-oximetry
data.

(A14) In any of the methods denoted as (Al) through
(A12), in the step of receiving a time series of cardiovascular
data, the time series of cardiovascular data may be selected
from a time series of electrocardiogram data, a time series of
arterial pressure data, and a time series of blood flow data.

(A15) In any of the methods denoted as (Al) through
(A14), the step of evaluating correlation may include evalu-
ating at least one of spectral correlation and temporal
correlation between the time series of images and the time
series of cardiovascular data.

(A16) In any of the methods denoted as (Al) through
(A15), the step of evaluating correlation may include ana-
lyzing correlation between the time series of images and
heartbeat cycles identified from the time series of cardio-
vascular data.

(A17) In the method denoted as (A16), the step of
evaluating correlation may include (a) detecting at least one
cardiovascular signature in the time series of cardiovascular
data to identify at least one heartbeat cycle, (b) referencing
the time series of images to timing of the at least one
heartbeat cycle, and (c) analyzing the time series of images
as a function of timing within a heartbeat cycle.

(A18) In the method denoted as (Al7), the step of
referencing may include, if the heartbeat rate is not constant,



US 10,575,792 B2

31

resampling the time series of cardiovascular data, and in
accordance therewith the time series of images, to emulate
a constant heartbeat rate.

(A19) In any of the methods denoted as (A16) through
(A18), the step of analyzing correlation may include (a)
extracting, from the time series of images, a respective time
series of position sensitive signals each representing same
spatial region of interest of the time series of images, and (b)
analyzing the time series of position sensitive signals as a
function of timing within heartbeat cycles.

(A20) In the method denoted as (Al9), the step of
analyzing the time series of position sensitive signals may
include determining one or more parameters indicative of
correlation between the time series of position sensitive
signals and the time series of cardiovascular data, wherein
the time series of signals and the time series of cardiovas-
cular data are referenced to the heartbeat cycles.

(A21) In the method denoted as (A20), the step of
analyzing the time series of position sensitive signals may
further include combining two or more of the parameters
indicative of correlation to assess degree of correlation.

(A22) In any of the methods denoted as (A20) and (A21),
the step of determining one or more parameters indicative of
correlation may include calculating at least one of spectral
correlation coeflicient and maximum temporal correlation
coefficient.

(A23) In the method denoted as (A22), the step of
calculating maximum temporal correlation coeflicient may
include (a) calculating the temporal correlation coeflicient as
a function of phase shift between the time series of position
sensitive signals and the time series of cardiovascular data,
and (b) determining the maximum value of the temporal
correlation coeflicient as a function of the phase shift.

(A24) In any of the methods denoted as (A20) and (A21),
the step of determining one or more parameters indicative of
correlation may include (a) calculating the temporal corre-
lation coefficient as a function of phase shift between the
time series of position sensitive signals and the time series
of cardiovascular data, and (b) determining the phase shift at
which the temporal correlation coefficient as a function of
the phase shift attains maximum value.

(A25) In any of the methods denoted as (A20) and (A21),
the step of determining one or more parameters indicative of
correlation may include at least one of (a) comparing
temporal distributions of the time series of position sensitive
signals and the time series of cardiovascular data and (b)
comparing spectral distributions of the time series of posi-
tion sensitive signals and the time series of cardiovascular
data.

(A26) In any of the methods denoted as (A19) through
(A25), the step of analyzing the time series of position
sensitive signals may include evaluating spectral distribu-
tion of the time series of position sensitive signals as a
function of timing within heartbeat cycles.

(A27) In the method denoted as (A26), the step of
evaluating spectral distribution may include determining
one or more spectral power ratios of the time series of
position sensitive signals.

(A28) Any of the methods denoted as (A19) through
(A27) may further include selecting the spatial region of
interest.

(A29) In any of the methods denoted as (Al) through
(A28), the time series of images may be a time series of
first-type images, and the method may further include over-
laying at least a portion of the time series of first-type images
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on a time series of second-type images of a second portion
of the patient, the second-type images being of type different
from the first-type images.

(A30) In the method denoted as (A29), the first-type
images may be electrical impedance tomography images and
the second-type images may be selected from the group
consisting of ultrasound images, magnetic resonance
images, positron emission tomography images, and com-
puted tomography images.

(A31) In any of the methods denoted as (A29) and (A30),
the step of overlaying may include overlaying, with the time
series of second-type images, a portion of the time series of
first-type images meeting criteria of correlation with the
time series of cardiovascular data.

(A32) Any of the methods denoted as (A1) through (A31)
may further include generating at least one correlation-
indicating image indicating correlation between the time
series of images and the time series of cardiovascular data.

(A33) The method denoted as (A32) may further include
overlaying the at least one correlation-indicating image on
the time series of images.

(A34) In any of the methods denoted as (A32) and (A33),
the time series of images may be a time series of first-type
images, and the method may further include (a) generating
a time series of second-type images of a second portion of
the patient having a spatial overlap with the at least a portion
of a patient, wherein the second-type images are of type
different from the first-type images, and (b) overlaying the
at least one correlation-indicating image on the time series
of second-type images.

(A35) In the method denoted as (A34), the step of
generating a time series of second-type images may be
performed concurrently with the step of generating the time
series of images.

(A36) In each of the methods denoted as (Al) through
(A33), the time series of images may be a time series of a
first-type images and the method may further include (a)
receiving at least one second-type image of a second portion
of the patient having a spatial overlap with the at least a
portion of a patient, and (b) using the at least one second-
type image to determine a spatial region of interest of the
first time series of first-type images to be considered in the
step of evaluating correlation.

(A37) In the method denoted as (A36), the first-type
images may be electrical impedance tomography images and
the second-type images may be selected from the group
consisting of ultrasound images, magnetic resonance
images, and computed tomography images.

(A38) Any of the methods denoted as (A1) through (A37)
may further include generating the time series of images,
and recording the time series of cardiovascular data.

(A39) In the method denoted as (A38), the step of
generating a time series of images may include generating a
time series of images at a first series of times, the step of
recording a time series of cardiovascular data may include
recording a time series of cardiovascular data at a second
series of times, and the step of evaluating correlation may
include resampling at least one of the time series of images
and the time series of cardiovascular data to synchronize the
first series of times and the second series of times.

(A40) In any of the methods denoted as (A38) and (A39),
the step of generating the time series of images may include
generating a time series of electrical impedance tomography
images.

(A41) In the method denoted as (A40), the step of
generating a time series of electrical impedance tomography
image may include, for each electrical impedance tomogra-
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phy image, (a) measuring a plurality of voltages or currents
at a respective plurality of spatially separated electrodes in
contact with the patient, and (b) reconstructing the electrical
impedance tomography image from the plurality of voltages,
wherein the electrical impedance tomography image is a
spatial distribution of change of an electrical impedance
related property as compared to a reference distribution of
the electrical impedance related property.

(A42) In the method denoted as (A41), the step of
reconstructing may include applying a finite element based
linear difference algorithm.

(B1) A system for cardiovascular-dynamics correlated
imaging may include a processing device having (a) a
processor, (b) a memory communicatively coupled with the
processor, and (c) a correlation module including machine-
readable instructions stored in the memory that, when
executed by the processor, perform the function of correlat-
ing a time series of images of at least a portion of a patient
with a time series of cardiovascular data of the patient to
determine a property of the at least a portion of a patient.

(B2) The system denoted as (B1) may further include an
imaging device for generating at least one of (a) the time
series of images and (b) data from which the time series of
images can be reconstructed.

(B3) In the system denoted as (B2), the imaging device
may be an electrical impedance tomography device.

(B4) In the system denoted as (B2), the imaging device
may be selected from the group consisting of an ultrasono-
graph, a video endoscope, a fluoroscope, a magnetic reso-
nance scanner, and a computed tomography scanner.

(B5) Any of the systems denoted as (B1) through (B4)
may further include a cardiovascular measurement device
for recording the time series of cardiovascular data.

(B6) In the system denoted as (BS), the cardiovascular
measurement device may be a pulse oximeter.

(B7) In the system denoted as (BS), the cardiovascular
measurement device may be selected from the group con-
sisting of an electrocardiograph, a sphygmomanometer, and
a blood flow measurement device.

(B8) Any of the systems denoted as (B1) through (B7)
may further include an image reconstruction module having
machine-readable instructions stored in the memory that,
when executed by the processor, perform the function of
reconstructing the time series of images from a time series
of position sensitive data.

(B9) In the system denoted as (B8), the image reconstruc-
tion module may include machine-readable instructions
stored in the memory that, when executed by the processor,
perform the function of reconstructing the time series of
images from the time series of position sensitive data using
at least one of a finite element based linear difference
algorithm, a boundary element method, and back projection.

(B10) In the system denoted as (B8), the image recon-
struction module may include machine-readable instructions
stored in the memory that, when executed by the processor,
perform the function of reconstructing a time series of
electrical impedance tomography images from a time series
of position sensitive voltage measurements obtained using
electrodes in contact with the at least a portion of a patient,
wherein the time series of electrical impedance tomography
images is a spatial distribution of electrical conductivity
change as compared to a reference electrical conductivity
distribution.

(B11) Any of the systems denoted as (B1) through (B10)
may further include a resampling module including
machine-readable instructions stored in the memory that,
when executed by the processor, perform the function of
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resampling a time series of data from a series of times, at
which the time series of data is generated, to a desired series
of times.

(B12) In the system denoted as (B11), the resampling
module may further include machine-readable instructions
stored in the memory that, when executed by the processor,
perform the function of resampling, if the time series of
images and the time series of cardiovascular data are asso-
ciated with different series of times, at least one of the time
series of images and the time series of cardiovascular data to
synchronize the time series of images and the time series of
cardiovascular data.

(B13) Any of the systems denoted as (B1) through (B12)
may further include a signature identification module with
machine-readable instructions stored in the memory that,
when executed by the processor, perform the function of
identifying a time series of cardiovascular signatures in the
time series of cardiovascular data.

(B14) In the system denoted as (B13), the signature
identification module may further include machine-readable
instructions stored in the memory that, when executed by the
processor, perform the function identifying heartbeat cycles
from the time series of cardiovascular signatures.

(B15) The system denoted as (B14) may further include
a resampling module with machine-readable instructions
stored in the memory that, when executed by the processor,
perform the function of resampling, if heartbeat rate of
patient is not constant, the time series of images and the time
series of cardiovascular data to produce a heartbeat rate
regularized time series of images and a heartbeat regularized
time series of cardiovascular data, wherein the heartbeat rate
regularized time series of images and the heartbeat regular-
ized time series of cardiovascular data emulate a constant
heartbeat rate.

(B16) In any of the systems denoted as (Bl) through
(B16), the correlation module may include machine-read-
able instructions stored in the memory that, when executed
by the processor, perform the function of (a) extracting, from
the time series of images, a respective time series of position
sensitive signals each representing same spatial portion of
the time series of images, and (b) analyzing the time series
of position sensitive signals as a function of timing within
heartbeat cycles.

(B17) In the system denoted as (B16), the correlation
module may include machine-readable instructions stored in
the memory that, when executed by the processor, perform
the function of evaluating spectral distribution of the time
series of position sensitive signals as a function of timing
within heartbeat cycles.

(B18) In the system denoted as (B17), the correlation
module may include machine-readable instructions stored in
the memory that, when executed by the processor, perform
the function of evaluating at least one of spectral correlation
and temporal correlation between the time series of images
and the time series of cardiovascular data.

(B19) In any of the systems denoted as (Bl) through
(B18), the correlation module may include machine-read-
able instructions stored in the memory that, when executed
by the processor, perform the function of calculating at least
one parameter indicative of correlation between the time
series of images and the time series of cardiovascular data.

(B20) In the system denoted as (B19), the at least one
parameter may be selected from the group consisting of
spectral correlation coefficient, maximum temporal correla-
tion coeflicient when varying phase between the time series
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of images and the time series of cardiovascular data, and
phase at which maximum temporal correlation coefficient is
attained.

(B21) Any of the systems denoted as (B1) through (B20)
may further include an overlay module including machine-
readable instructions stored in the memory that, when
executed by the processor, perform the function of overlay-
ing a time series of correlation-indicating images indicative
of correlation between the time series of images and the time
series of cardiovascular data on at least one second image of
type different from the images of the time series of images.

(B22) In the system denoted as (B21), the at least one
second image may be a time series of second images.

Changes may be made in the above systems and methods
without departing from the scope hereof. It should thus be
noted that the matter contained in the above description and
shown in the accompanying drawings should be interpreted
as illustrative and not in a limiting sense. The following
claims are intended to cover generic and specific features
described herein, as well as all statements of the scope of the
present system and method, which, as a matter of language,
might be said to fall therebetween.

What is claimed is:

1. A method for cardiovascular-dynamics correlated
imaging, comprising:

receiving a time series of images of one or more regions

of a patient;
receiving a time series of cardiovascular data for the
patient, the time series of cardiovascular data being
recorded concurrently with the time series of images;

evaluating correlation between temporal variation in the
time series of images and temporal variation in the time
series of cardiovascular data, the correlation including
at least one of temporal correlation and spectral corre-
lation;

identifying, in the images, vascularized tissue of the

patient based upon the correlation; and

determining a property of the patient, relating to the

vascularized tissue, based upon the correlation.

2. The method of claim 1, the step of receiving a time
series of images comprising receiving a time series of
electrical impedance tomography images.

3. The method of claim 1, further comprising generating
the time series of images as a time series of electrical
impedance tomography images.

4. The method of claim 1, the step of receiving a time
series of cardiovascular data comprising receiving a time
series of pulse-oximetry data.

5. The method of claim 1, in the step of evaluating
correlation, the temporal variation being temporal variation
in heartbeat cycles identified from the time series of cardio-
vascular data.

6. The method of claim 5, the step of evaluating correla-
tion comprising:

detecting at least one cardiovascular signature in the time

series of cardiovascular data to identify at least one
heartbeat cycle;

referencing the time series of images to timing of the at

least one heartbeat cycle, said referencing comprising,
if heartbeat rate is not constant, resampling the time
series of cardiovascular data, and in accordance there-
with the time series of images, to emulate a constant
heartbeat rate; and

[
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analyzing the time series of images as a function of timing
within a heartbeat cycle.
7. The method of claim 5, the step of evaluating correla-
tion comprising:
extracting, from the time series of images, a respective
time series of position sensitive signals each represent-
ing same spatial region of interest of the time series of
images; and
determining one or more parameters indicative of corre-
lation between temporal variation in the time series of
position sensitive signals and the temporal variation in
the time series of cardiovascular data, the time series of
signals and the time series of cardiovascular data being
referenced to the heartbeat cycles.
8. The method of claim 7, the step of determining one or
more parameters indicative of correlation comprising:
calculating temporal correlation coefficient as a function
of phase shift between the time series of position
sensitive signals and the time series of cardiovascular
data; and
determining maximum value of the temporal correlation
coefficient as a function of the phase shift.
9. The method of claim 7, the step of determining one or
more parameters indicative of correlation comprising:
calculating temporal correlation coefficient as a function
of phase shift between the time series of position
sensitive signals and the time series of cardiovascular
data; and
determining phase shift at which the temporal correlation
coeflicient as a function of the phase shift attains
maximum value.
10. The method of claim 7, the step of determining one or

5 more parameters indicative of correlation comprising at least

one of (a) comparing temporal distributions of the time
series of position sensitive signals and the time series of
cardiovascular data and (b) comparing spectral distributions
of the time series of position sensitive signals and the time
series of cardiovascular data.

11. The method of claim 5, the step of analyzing corre-
lation comprising:

extracting, from the time series of images, a respective

time series of position sensitive signals each represent-
ing same spatial region of interest of the time series of
images; and

evaluating spectral distribution of the time series of

position sensitive signals as a function of timing within
heartbeat cycles.

12. The method of claim 1, further comprising generating
at least one correlation-indicating image indicating the cor-
relation.

13. The method of claim 12, further comprising overlay-

s ing the at least one correlation-indicating image on the time

series of images.

14. The method of claim 1, the property being presence or
non-presence of vascularized cancer tissue in the one or
more regions of the patient.

15. The method of claim 1, the property being amount or
type of vascularized tissue in the one or more regions of the
patient.
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