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What is tissue perfusion?

rBF: regional (tissue) blood flow (ml/(100g tissue*min))
rBF is functional, nutritive tissue flow: Blood moving through capillaries
Not rBV: regional blood volume (MR perfusion)

rBF=rBV/MTT MTT: mean transit time (min)

Blood Volume “Vascular’ Blood Flow “Tissue” Blood Flow
mL/100g tissue mL/min mL/(100g tissue * min)




Intravascular contrast vs freely diffusible tracer
You can’t quantify rCBF with an intravascular tracer

Theory is good for capillary flow, but flow in other vascular structures are messing things up

DCE-CT H201>-PET
rCBF

y ” N

MIP image

High flow in vascular structure, but no capillary bed

Gruner JM, Paamand R, Kosteljanetz M, Broholm H, Hojgaard L, Law I. Brain perfusion CT compared with (1)(5)O-H(2)O PET in patients with primary brain tumours. Eur J Nucl Med Mol Imaging. 2012;39:1691-1701.



KOBENHAVNS UNIVERSITET

Ian Law’ RIQShospltalet DET SUNDHEDSVIDENSKABELIGE FAKULTET

Forces working on the tracer
General considerations: The one-tissue compartment model

Definitions: . G

p: Partition Coefficient between 2 compartments: Arioria Tissue

Ratio of equilibrium tracer concentrations:
(measured in vitro)

Vi: (Apparent) Yolume of Distribution:
Ratio at equilibrium of apparent tracer Volumes to total Volume (Estimated/fitted)

X molecules are

more
soluble in ether

Ki/k2 = Ci(t)/Cv(t) = Vi=p ja m
[unitless; g/g; ml/g; ml/ml] ar | ” [X in ether]

cae ¢ = Xinwaen

s% lfJ )?n 4 X molecules are

At venous side almost diffusion equilibrium vt }F colble 1 watr

X (in solution in water) —=—————— X (in solution in ether)
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Values for Partition Coefficient

Tissue

TABLE 1. Partition coefficients for whole brain (\), Hematocrit

gray matter (\,), and white matter (\,)

REGION

Dimensions for partition coefficient values

Pathology

g2/g mlig ml/ml
- TABLE 3. Regional values of the brain pariition
A 0.96 0.90 0.95 coefficient of water
A 1.04 0.98 1.03 —
E Partition
Ay 0.87 0.82 0.86 Water content  coefficient
(/100 g) (mlig)
Crray matter
TABLE 2. Brain partition coefficient of water as a gﬁ;?:;ﬂ;‘""cx 3';?, g'gg
function of hematocrit Caudate nucleus 81.4° 0.95
o o White matter
Water content _ Centrum semiovale 70.7° 0.83
Hematocrit of blood A N A Caorpus callasnm 757 0.89
(%) (g‘ml) (m]/g) (ml,‘g) (Inl‘,l'g) Edematous centrum semiovale 81.87 0.96
4 Data from Stewart-Wallace (1939).
25 0895 094 0.78 0.86 & Data from Randall (1938).
35 0.873 0.96 0.80 0.88
45 0.851 0.99 0.82 0.90
55 0.829 1.01 0.84 0.93

Ag- AL, and X. partition coefficients for gray matter, white
matter, and whole brain, respectively.

Herscovitch P, Raichle ME. What is the correct value for the brain-blood partition coefficient for water? J Cereb Blood Flow Metab 1985;5(1):65-9.



How to measure regional Blod Flow

General considerations: The one-tissue compartment model

Ca _K> Ci A Freely Diffusible Tracer

1
Arterial Tissue dCi(t)/dt = K1 Ca(t) - k2 Ci(t)
Blood A Tissue conc = Influx - outwash

Solution:

Cv —— Cf(t) = Ki Ca(i’) ® e'kzt
Venous k2
Blood

k2 [min']: Washout Rate Constant
K1 = Unidirectional clearence of blood from tracer, influx rate [ml g'min].

WIll return to this later

IAN LAW, PET & CYCLOTRON UNIT, RIGSHOSPITALET



Special considerations: only washout

S = G dCi(t)/dt = Ki-Ca(t) - k2 Ci{t)
K1 A Tissue conc = Inlux - outwash

Sciel Tissue Solution:

Blood Ci{t) = e*t ; Ki = k2 o

Cv ——
k2

Venous .

Blood Delta function

Only Washout/Tissue clearance curve/Desaturation

IAN LAW, PET & CYCLOTRON UNIT, RIGSHOSPITALET
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Xenon clearance method

Only Washout/tissue clearence
Residue detection during desaturation

Fraction of bolus in tissue as function of time Ki=k2p =In(2)/T1/2p
| |
£ 20K}
g o
= S ‘é‘\OKr
W / , O T L s 8 0 12 i

"o
e
. e
)

Grey matter: 80 ml/(100g min)
White Matter: 20 ml/(100g min)

—

Fig. 2. Xenon-133 used for two-dimensional CBF in man: the Lassen-Ingvar intra-arterial
injection technique.

0 2 4 6 8 10 12 tamin
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Xenon clearance method

100

Graphical analysis of a Xenon-133 wash-out curve

from
a normal kidney
[Case 129]

Log. scale

M

Th76 min

. + 4 . + + + . I
T T - —p—

10 12 % 16 18 20 2 2%
Time in minutes

W

Relative amount of Xenon133 in the kidney

« Skin, Muscles, Fat tissue, Tendons
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Special considerations: no washout
dCi(t)/dt = K1 Ca(t) ;,JN*)

CO Ct A Tissue conc = Influx - a

Ci(t) = f Calt)

Arterial Tissue
Blood

Poor upper lung perfusion

Perfect Trapping:
Example: Microspheres

Lung Perfusion
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Regional Cerebral Blood Flow in Pigs Estimated by Microspheres

F. F. Madsen', F. T. Jensen’, M. Veth®, and J. Ch. Djurhuus*

1) MS = small spheres 15 my labelled radioactively or fluorescence
2) inject in left ventricle of heart - sample arterial blood in abdominal aorta over time

3) Slices are cut out and activity counted

Flow was calculated according to the formula:
F, = N, x RF/A,

where F; is flow in the region of interest (ml/min x g), N; the activity

in the region of interest (counts/min X g), RF the sampled volume
in the reference test (ml/min) and A, the total activity in RF (counts/
min).

Assumptions:

1) an even mixing of the MS in the blood

2) the MS should be trapped proportionally to the regional cerebral blood flow
3) the MS should be trapped during first passage, (0.5 % i sag sin)
)

4)the MS should not interfere with rCBF or regional physiological steady state.




How to measure regional Blod Flow

General considerations: The one-tissue compartment model

Cq T
1

Arterial

Blood

CV _

Venous k2

Blood

Ci

Tissue

A Freely Diffusible Tracer

dCi(t)/dt = K1 Cal(t) - k2 Ci(t)

A Tissue conc = Influx - outwash

Solution:
Ci(t) = K1 Cat) ® ek

K1 = Unidirectional clearence of blood from tracer, influx rate [ml g'min’].

k2 [min']: Washout Rate Constant: E: extraction fraction

Ki=Ef, if E=1 => K1 =f (rCBF, Perfusion)

IAN LAW, PET & CYCLOTRON UNIT, RIGSHOSPITALET
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Assumptions - Single Tissue Compartment Model

» Tracer do not influence physiological processes 60—
140} H,"O line of
. . . identity
- Constant physiological state during measurement 120t \
2
. . . " 100k 4
- ['®0]H.,0 is freely diffusible across BBB —no: E=0.87 & .
€ 8o} 4
-~ o
- Compartmental Instantaneous mixing & 60r g e :
Q
S a0+ :’e‘g/
- ROl filled with 1 tissue with homogenous tracer conc. 2ol %
- Free exchange between tissue water og ['°O]H,0 0026 40 60 80 100 120 140 160

CBF (True), ml-min™hg™'

* No other tissues in ROI (Vascular, White Matter, CSF): no: limited resolution




lan Law. Riashospitalet KOBENHAVNS UNIVERSITET
’ g p DET SUNDHEDSVIDENSKABELIGE FAKULTET

How do we deal with unextracted [°O]H,0?

Vb: arterial vascular fraction: correct for “image signal that look like arteries”
Present standard: 1 tissue 2 compartment model (1T2Ky,), 180 sec aquisition

Ci{t) = Ca(t) Vbt (1-Vb)Ki Caft) @ etk/V

TWO - COMPARTMENT ONE - COMPARTMENT
Gz e, 4, 36 ¥ G Ki
Ve l dt l
arteries
(Va) b —
: extravascular
cupill:'n:ie: \.CM : thesuc whole tissue
< d~'\ 1 -——
1
4
4
. N
veins ;
) Vyil-Eg)
Vo) R
S FCy= Tl M 2
[T] Ve /
w
o

Ohta S, Meyer E, Fujita H, Reutens DC, Evans A, Gjedde A. Cerebral [(15)O]water clearance in humans determined by PET: I. Theory and normal values. J Cereb Blood Flow
Metab 1996;16(5):765-780.
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Effects of correcting for Vb on rCBF quantification

(ml/min/100

™ 65

2-WI - 3-WI

Okazawa H, Vafaee M. Effect of vascular radioactivity on regional values of cerebral blood flow: evaluation of methods for H(2)(15)O PET to distinguish cerebral perfusion from blood volume. J Nucl Med 2001;42(7):1032-9.
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Automatic Water Injection System
(AWIS)
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Regional Cerebral Blood FIOW - 90 sec distribution image, PET ['50]H,0

Observed Tissue
Response function Ct(t)
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Arterial input function (C,(t)): Applied test function

BGO-scintllators

4

catheter

PMT:s

) prrean e trreiteirind
U II#‘OHIGOH'GO 100 120 140 160
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Input Function- adjustment

f ok

Response function from brain tissue, Ct(t)

30007

Original input from artery, Ca(t), AIF

Problem?

O'® T, /2 = 2min
rCBF Overestimation CBF = AUC (Tissue)/AUC(AIF)

Delay & Dispersion (=Smear) corrected input function

Calculated for whole brain - Assumed to apply regionally

lida, H. et al. J Cereb Blood Flow Metab 6, 536-545 (1986).
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Dispersion Sources = "smear”

Dispersion function

4 - 8 ml/min

Internal: T : Dispersion parameter
*  Vascular transport to cannulation

External: | -t
« Cannulation, 3 way valve d(t) = —eXpr

« Diameter of tube (< 1 mm) T

« Speed of aspiration (4-8 mL/min)
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Arterial cannulation — gold standard, but prefer not to

* Trauma: - Cost:
* Invasiveness * Anesthesiologist
* low, but non-negligible risk of complications * Logistic/Planning
* Robustness: - Staff training/availability
* Artery Access * Physicist/techs
* Anticoagulant therapy * Technical issues:
- Patient Acceptability - Calibrating 2 different measurement devices (scanner/sampler)
- Patient Fragility * Measurement
- Children * Clocks

- Chronic disease * Noise induced by corrections
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New setup - Using the big scanner - Total body PET/CT

» Siemens PET/CT Quadra — x 4 detector rings

l- 106

cm

400 MBq [°O]H,0 12 min dynamic acq
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Effects of large axial field of view (AFOV)

Large acceptance angle with

Extended axial field of view
-.!.f,f"""'“:'“;F'ﬂ';f:s'}"""":,.'-»'-' * Increased temporal resolution (1 sec (msec?)) or

* Increased sensitivity = more counts x (10-30)

- Better image quality or

- Decrease in acquisition time or

/ v 52°
/

\ MRD 335", * Increase in acquisition time or
"IIIIIIIIIIIiIIIIIIIIJIIIIIIIIIII.. o
g so0¢ 108om ————> - Lower dose injected
=
g 07 * Increased coverage
S 200 - . . .
2 -  Image derived input function (IDIF)
@ 0 T T T T
0 200 b0r 6ot «  Simultaneous multiorgan acquisition

Plane Nr.

REGION

G. A. Prenosil et al., J Nucl Med (2021).
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Whole-Body PET/CT Imaging - Perspectives

High-sensitivity Multi-tracer studies

Organ interaction, e.g.
brain-gut, brain-spine,
brain-heart

Late low-dose Imaging

-> immune cells

Fast acquisition

Low radiation burden

arterial blood |

Drug discovery - E
High temporal m 3

resolution — {2 t

Whole-body parametric imaging T =

Insel Gruppe — A. Rominger - Initial Experience with Quadra 14.03.2021 9

Quantitative accuracy
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Image vs artery derived input function

Al based Aorta segmentation of low dose CT

Erosion 8-10 mm

Sample activity in centre 1- 4 mL in upper Aorta Descendens

o — 14
. F12
~ 12 IV
l 10 w— AN, AUC; . 190 12573 KBGImL
10 1 Erosion: 0, AUCs . 1s0: 9469 kligimL
Crosion: 1, AUC, . 100! 10310 kBgvmL
-8 400 - | Erosion: 2, AUC . 1ee! 11013 kBgimiL
2 8 B Erosion: 3, AUC, . 1ee: 11566 kBgimL
o > = Erosion: 4, AUC, . 10! 11964 kBQImL
L 6 § a B, Ercsion: 5, AUC, . se0! 12237 kBgimi
w 6 o Frosion 6. AUCo. 1e0: 12400 kBgimt
4 200 7 ' Erosion: 7. AUC, . 1ee: 12496 kBgiml
4 4 Erosion: B, AUC, . 1e0: 12562 kBl
P— - — o — T a—— o
0 il = —
2 e
2 T T T T T T T T
0 20 40 60 80 100 120 140 160 180

Mid Frame Time [s]

REGION
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The Partial Volume Effect — resolution is limited

. Ideal Resolution s PET Scanner
S R Many tissues in ROI (tissue heterogeneity)
Spill-in/out
At roie pctvityProite Wall motion recovery (+ ) Wall motion recovery (-)

Lenght Lenght

= O FDG image

Low resolution PET image —0/——

Perfusion image

~====_ Normal myocyte: Good FDG uptake
== Damaged but viable myocyte: Good-slightly reduced FDG uptake
P Dead myocyte (scar) : No FDG uptake

NMe-abolism
I D .

REGION

Kudo, T. Eur j Nucl Med Mol Imaging 34:S49-S61. Metabolic imaging using PET
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Two classes of models — wash in and wash out .

Cf(i’) = fCG(t) ® e-(f/Vf) t Tissue
f (E=1) = Ki => K1 determines Perfusion information
Very Partial Volume sensitive o= 0.5 g/ml

More Stabile Ki=1.0'min
f=2.0 ml g'min"

o, Perfusable tissue fraction

kinetic MBF

o

Ci{t) = f o Cat) ® e'lt/P)t
f=Ki/a;Ki=pk2,f=pk2/a

L] L ] [ ] L]
=> k2 determines Perfusion information
L] L] [ ]
Not Very Partial Volume sensitive
FIGURE6. Various regions of interest (ROIs) in the myocardium of a normal volunteer (N3) (Panel A). Myocardial blood
flows (MBFs) were calculated according to the present kinetic method for these ROIs. ROI size dependence of the

L]
M o re N 0 I sy calculated MBF and « obtained by the kinetic method (Panel B). The calculations were made for ROIs indicated in left

panel . Calculated MBF values revealed no significant changes, while the calculated tissue fractions were decreased with
increasing ROI size.

()]
l
o]

ol

RO
O--
O--0

Kinetic MBF(miimin/g)& X(g/mi) *

o P ba b b baly]

0 20 40 60
ROI width, x (mm)

o
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Myocardial blood flow (MBF) with [1°O]H.,0

Uptake Rate

* Linear relationship between K1 and MBF

* Remove right and left ventricle BV in model

Pulmonary Artery
Superior Vena

Cava

Right Ventricle

Cr(t) = PTF - F - C,(H)®e™~ /2t

Cper(t) = Cr(t) + V4Cu(2) + Vi Cry (2)

L Toldbod, Aarhus

Uptake Rate (K1)

MBF Correction Factors

. I (rest - stress)
25 _// s - = 0-15Water 1.0
/
& L eeees Ideal
2 %
//, = = N-13 Ammonia 10-11
15 A 1 = = 1201 Thalium 1.5-22
; I," P 5 ~ = Rb-82Rubidium 15-25
S e - Tc-99m Sestamibi 20-4.5
- - BN . e
05 W -, A NS o Tc-99m Tetrofosmin 25-65
_—
o

Q{(//\ Q<<’,\
L)
@é y\@%
> Q)O‘L)
S A N\ Q]
g O O
O N N

Adenosine 6 min

t=0 4 8 14 18 min




Analyse

Make Reorient
HEEL arametric and
DICOM P
Images Segment

Rest MBFxPTI Reserve MBFxPTI

/‘F >\
A= RNl

115

!
>

Stress MBFxPTI

TAC cluster 1
TAC cluster 2 MBF cl
TAC cluster 3 g stress 27
TAC cluster 4

TAC cluster 5
TAC cluster 6

RCA & 2.66

Inferior 2 3.03

L Toldbod, Aarhus
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Renal perfusion with [1°O]H,0

Limited studies Ci(t) = Ca(t) Vbt (1-Vb)K1 Calt) ® elK/VN)

K k.
3.0 1 7.0 2Py

0.0 mi/min/g 0.0 ml/min/g

N. Kudomi et al., Eur J Nucl Med Mol Imaging 36, 683 (2009).




J Appl Physiol 92: 1709-1716, 2002; RSITET
lan Law, F 10.1152/japplphysiol 00445.2001. . o

Regional measurement of canine skeletal muscle blood
flow by positron emission tomography with Hy°O

ALAN J. FISCHMAN,?* HONGBING HSU,** EDWARD A. CARTER,?3°
YONG M. YU,235 RONALD G. TOMPKINS,?35 J. LUIS GUERRERO,?
VERNON R. YOUNG,?3 AND NATHANIEL M. ALPERT!

mi/min/100gm

35

Flowser = 0.911 X Flow,g,, + 0.448 Ct(i‘) = Kj Cq(f) X e(K,/Vi)t —_

r2=0.98

2

T W

0 5 10 15 20 25 30 35 AV Shunts?
Blood Flow, uSpheres (ml/min/100g)

Blood Flow, PET (mI/min/100g)

Fig. 7. Examples of blood flow maps (coronal projection) derived by pixel-by-pixel solution of Eq. 6. 1. Low flow,
baseline map. 2. High-flow map derived after local infusion of adenosine in the right thigh. Blue area in upper right
of both panels represents bone marrow.
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Eur J Nucl Med Mol Imaging (2008) 35:1899-1911
DOI 10.1007/s00259-008-0796-z

1 __Inferior vena cava

Cystic

ORIGINAL ARTICLE

Non-invasive estimation of hepatic blood perfusion
from H,'°O PET images using tissue-derived arterial
and portal input functions

Right gastroepiploic

Pancreaticoduodenal Splenic (lienal)

N. Kudomi - L. Slimani - M. J. Jirvisalo - J. Kiss - Superior mesenteric B s ¥ L\ Poncreatic
R. Lautamiki - G. A. Naum - T. Savunen - J. Knuuti « oy . : — bt

- . b 3L Inferior
H. Tida - P. Nuutila - P. Tozzo visate conc LD No T mesenteic

Right colic #=

Possible, but complicated

400
-dual liver input (1/3 hepatic artery, 2/3 portal vein)
300
- hon-invasive estimation of input from portal vein 200 |
- Portal vein is tissue curve from intestines 100 -
0 ——

00 05 10 15 20 25 3.0

REGION

M. Winterdahl et al., Eur J Nucl Med Mol Imaging 38, 263 (2011).
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Clinical use of CBF
The Diamox test
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Vascularisation of the cerebral cortex

Borderline regions are associated with the
potentially greater risk of ischaemia leading
to brain stroke

,watershed infarct”
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Small arterial vessels:
-Deep (perforating) vessels

- functionally terminal vessels
do not form collateral circulation
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Treating internal carotid occlusions: EC-IC bypass
Direct superficial temporal artery (STA) to middle cerebral artery (MCA) bypass

e ) Pt s\ Completed STA-MCA
= (' g ( W anastomosis

Superficial
temporal artery

“ 5 / % V /
Temporalis IR o Lo \ = ﬁ
muscle [\ ‘
\ \ . \
S i, TS\
; > "n,_‘.-v. \ \ |
Sylvian fissure

Craniotomy site

Line of incision

@Stanford School of Medicine — Department of Neurosurgery ©Stanford School of Medicine — DepaLrtment of Neurosurgery



http://en.wikipedia.org/wiki/Superficial_temporal_artery
http://en.wikipedia.org/wiki/Middle_cerebral_artery
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The reverse Robin Hood Syndrome

Rest Acetazolamide

CBE| CBRl  20-60 %

ol BN N BN

rCBFl“*T rCBIﬁ
Carotid

occlusion N\
Occlusion w/




T2 MRI rCBF Baseline rCBF Diamox




Follow-up
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Standard Diamox report
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Cerebrovascular hemodynamic response test with [50O]H,0 PET

Patient name CPR Age Sex Scan date Weight (kg) Dose (MBq)
72 800

Vascular Response (abs) Vascular Response

Diamox
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Cortical regional cerebral blood flow (mL/(min*100 mL Tissue))
Left Right

Vascular territories Volume (mL) | Rest Diamox Change (%) | Rest Diamox Change (%)
ACA 184 41.4 66.7 61.3 242 254 5.0
Frontal MCA 99 42.0 67.8 61.7 17.7 15.9 -10.2
Parietotemporal MCA 335 36.8 58.6 59.1 18.8 17.3 -8.3
PCA 135 39.8 64.0 60.9 34.3 45.7 33.1
Watershed areas

“Frontal MCA/ACA 11 475 76.5 60.9 16.8 16.5
Parietotemporal MCA/ACA 32 41.6 67.2 61.6 17.4 18.0
MCA/PCA 19 39.1 63.9 63.4 224 20.3
ACA/PCA 14 42.8 69.7 63.0 31.7 39.3
Anatomical structure Volume (mL) | Rest Diamox Change (%)
Cerebellum 108 34.9 55.9 60.1

Threshold defined areas in cortical regions Volume (mL) Average %

Steal 190 -85
— <10% 44 43
<20% 33 14.9

rCBF Change= (Diamox-Rest)*100 /Rest (%).
st is based on 1 PET measurement:

min-K1
hased on 1 PET measurement:
diamoz-45f-3min-K1

The arterial territories are defined according to Tatu L el al.. Neurology. 1998;50:1699-1708.
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rCBF during Diamox
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Simultaneous
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Regional Cerebral Blood Flow PET/MRI
O15-Water & Arterial Spin labelling (ASL)
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Average ASL and PET CBF images in different perfusion states and differences between techniques

Hyperventilation Rest Post-ACZ ASL MRI -"*0-H,0 differences
PET ASL PET ASL PET ASL ml/100 g/min Hyperventilation Rest  Post-ACZ Overall t-value

O. Puig et al., J Cereb Blood Flow Metab 40, 1621 (2020).
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Brain PET/MRI O15-H20 rCBF ASL i healthy newborn children

4 Healthy Newborn Children
Quantitative rCBF

Input: Left ventricle

14 MBq 015 H20 = 0.3 mSv
Simultaneous PASL
AC-RESOLUTE

PCI;EEIF Clinical Perspective:

[ Periventricular Leukomalacia (PVL)
Moya-Moya

PASL

rCBF (m1/100g/min) 1 ]
a b c d Mean (SD) - ' y
WM unmyel | 10.1 | 11.5 | 10.1 | 9.3 10.3 (0.9 ) “
WM myel 23.3 1159 | 146 | 10.6 16.1 (6.3) ) 1 “l‘* &
Thalami 42.9 8 30.551F 29. 308 22.5 31.3 (8.5) \: ‘x“ | ‘ |
Whole brain | 22.2 | 17.8 | 16.2 | 15.0 17.8 (3.1) Y .

Andersen JB, et al seconds
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