
Basic Kinetic Modeling in Molecular Imaging 2022
Measurement and estimation of flow in brain, heart, liver, muscles, and kidneys
using [O15]H2O PET techniques

Prof. Ian Law, MD PhD DMSc
Professor, University of Copenhagen, Faculty of Health and Medical Sciences
Chief Physician, Dept of Clinical Physiology, Nuclear Medicine & PET
Rigshospitalet, Copenhagen, Denmark
E-mail: ilaw@dadlnet.dk

mailto:ilaw@pet.rh.dk


Ian Law, Rigshospitalet
Department of Clinical Physiology, Nuclear Medicine and PET



Ian Law, Rigshospitalet
Department of Clinical Physiology, Nuclear Medicine and PET

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
mL/100g tissue

“Vascular” Blood Flow
mL/min

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



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

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

MIP image
DCE-CT

rCBF
H2O15-PET

rCBF

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.
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Definitions: 
p: Partition Coefficient between 2 compartments:
Ratio of equilibrium tracer concentrations: 
(measured in vitro)

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

K1/k2 = Ct(t)/Cv(t) = Vt ≈ p
[unitless; g/g; ml/g; ml/ml]

At venous side almost diffusion equilibrium

Forces working on the tracer
General considerations: The one-tissue compartment model
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Values for Partition Coefficient

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.

Tissue
Hematocrit
Pathology
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K1 = Unidirectional clearence of blood from tracer, influx rate [ml g-1min-1]. 

How to measure regional Blod Flow
General considerations: The one-tissue compartment model

k2 [min-1]: Washout Rate Constant

A Freely Diffusible Tracer

dCt(t)/dt = K1 Ca(t) - k2 Ct(t)
Δ Tissue conc = Influx - outwash

Solution:
Ct(t) = K1 Ca(t)⊗ e-k

2
t

K1
CtCa

Arterial 
Blood

Tissue

Cv

Venous 
Blood

k2

Will return to this later

How many passengers at a give time, t ?
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Special considerations: only washout

K1

Only Washout/Tissue clearance curve/Desaturation

CtCa

Arterial 
Blood

Tissue

Cv

Venous 
Blood

k2

dCt(t)/dt = K1 Ca(t) - k2 Ct(t)
Δ Tissue conc = Influx - outwash

Solution:
Ct(t) = e-k

2
t ; K1 = k2 p

Tracer Delta function
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Xenon clearance method
Only Washout/tissue clearence
Residue detection during desaturation
Fraction of bolus in tissue as function of time K1 = k2 p = ln(2)/T1/2 p

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

• Skin, Muscles, Fat tissue, Tendons
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Special considerations: no washout

K1

Perfect Trapping:
Example: Microspheres

CtCa

Arterial 
Blood

Tissue

Cv

Venous 
Blood

k2

dCt(t)/dt = K1 Ca(t) - k2 Ct(t)
Δ Tissue conc = Influx - outwash

Ct(t) = f Ca(t)
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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.

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

140 F .F .  Madsen et al.: rCBF Estimated by Microspheres 

Preparation 

A respirator controlled ventilation after tracheostomy and in- 
tubation. A catheter was introduced via the femoral artery through 
the abdominal aorta to measure blood pressure. A pigtail catheter 
was X-ray guided to the left ventricle of the heart. The scalp of the 
cranium were excised. Over the grey central (GC) region at the right 
side a bolt was mounted in the scull co-planar to the intact dura. 
An epidural pressure gauge was placed in a frontal burr-hole. An 
0.6ram polyethylene tube was introduced into the posterior part of 
the sagittal sinus through another burr-hole and advanced caudally 
approximately 5 mm to be situated close to the confluence of the 
sinuses. A fast, cold curing dental cement sealed the defect around 
the sagittal sinus catheter. After surgical preparation the animal was 
equilibrated for 45 minutes wrapped in termofoil to keep the body 
temperature constant. Arterial gas analyses guided administration 
of oxygen, volume, and frequency of the respirator. Blood pressure 
(MABP) and intracranial pressure (ICP) were monitored continu- 
ously and perfusion pressure (PP) was calculated. Before every flow 
estimation procedure, oxygen tension, CO2 tension, pH, blood glu- 
cose, standard bicarbonate in arterial blood and sagittal sinus blood 
were measured, Haemoglobin and the serum concentration of so- 
dium, potassium, protein, carbamide and creatinin were investigated 
during each flow. The analyses performed as routine clinical inves- 
tigations had a coefficient of variation not exceeding 5%. 

Cerebral Blood Flow Measurements 
To obtain the regional blood flow calculation procedures were 

used according to the artery reference blood sampling method as 
described by Buckberg 3 and Heymann 22. 

Flow was calculated according to the formula: 

F i = N i x RF/A t 

where Fi is flow in the region of interest (ml/min x g), Ni the activity 
in the region of interest (counts/rain x g), RF the sampled volume 
in the reference test (ml/min) and At the total activity in RE (counts/ 
min). 

Styrene-divinyl benzene ion-exchange 15 4-1.5p beads uni- 
formly labelled with 1~ 46Scandium, 14~Cerium coated 
with polymeric resin supplied by New England Nuclear were used 
for flow determinations, 

MS were suspended in 10% Dextran with 1% Tween-80 added. 
For each flow a vial of 6ml containing 3001aCi equal to 12 x 106 
MS were used. The activity of each isotope was 10 gCi/g MS. After 
vigorous shaking for 5 minutes the vial content was injected during 
15 seconds into the left ventricle followed by a flushing of the catheter 
with body warm saline. The catheter in the abdominal aorta was 
used for reference sampling by way of a continuous pump (Braun 
Melsungen). The pump was started 30 seconds before the injection 
of the MS and continued for 195 seconds in total. Using a pump 
with known aspiration speed (4.9 ml/min) blood was sampled from 
the sagittal sinus concomitantly with the reference sampling for the 
estimation of non-trapped MS. 

Table I. Wet weight of each region was determined. Unclear bor- 
derlines between regions were not used. Samples of brain and blood 
were counted in a gammacounter (Packard Auto-gamma 5650) 
equipped with 3 pulse analysers and counters. Three windows were 
selected (141Cerium: 70, 170 keV; 1~ 400, 550 keV; 46Scan- 
dium: 750, 1250keV). Counting mode was automatic background 
subtraction with the timer preselected for I0 minutes, Counting 
standards were used to determine the relative efficiencies (aij). The 
observed counting rates Ni were made up of contributions from each 
isotope depending on the counting efficiencies just found. The cor- 
rected counting rates Xi could then be found according to the si- 
multaneous equations 

(aij) (Xi) = (Ni) i = 1,3, j = 1,3 

Brain biopsies from group I were freeze dried after isotope counting 
and the percentage of dry weight was estimated (Table 1). 

Statistics 
All statistical calculations on flow data were done in logarithmic 

values. The exponential value of the mean of the logarithmic value 
is a value comparable to a median value of the absolute flow values; 
determined with 95% confidence interval (Table 2). The component 
of the variance due to biological variation and analytical uncertainty 
was estimated with an analysis of variance (ANOVA). When mea- 
surements have been made in different animals, in symmetrical 
regions, and to three different time estimates of the components of 
variance due to differences between pigs were: cr2~ni~l; the component 
of variance due to differences between symmetrical flow determi- 
nations for each pig: cr2side; the time dependent component of variance 
within the same tissue biopsy: O2now; the residual component of 

Experimental Set-up 

In group I three flow estimations were performed, 45, 90, and 
135 minutes after the surgical preparation. Group II animals had a 
flow measurement 45 minutes after the surgical preparation. Im- 
mediately after the last flow estimation the animals were sacrificed 
using saturated KC1 and the brains dissected macroscopically in the 
predetermined well defined regions shown in Fig. 1 A, B and C and 

Fig. 1 A. Lateral view of removed brain showing the seven slices of 
brain. Each region 1 to 5 are compiled. Region 1 is termed grey 
central, 2 is grey near, 3 is grey remote, 4 is grey distant, and 5 is 
grey from poles 
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K1 = Unidirectional clearence of blood from tracer, influx rate [ml g-1min-1]. 

How to measure regional Blod Flow
General considerations: The one-tissue compartment model

k2 [min-1]: Washout Rate Constant: E: extraction fraction

A Freely Diffusible Tracer

dCt(t)/dt = K1 Ca(t) - k2 Ct(t)
Δ Tissue conc = Influx - outwash

Solution:
Ct(t) = K1 Ca(t)⊗ e-k

2
t

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

K1
CtCa

Arterial 
Blood
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Assumptions - Single Tissue Compartment Model
• Tracer do not influence physiological processes

• Constant physiological state during measurement

• [15O]H2O is freely diffusible across BBB – no:  E = 0.87

• Compartmental Instantaneous mixing

• ROI filled with 1 tissue with homogenous tracer conc.

• Free exchange between tissue water og [15O]H2O

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



Ian Law, Rigshospitalet
Department of Clinical Physiology, Nuclear Medicine and PET

How do we deal with unextracted [15O]H2O?

Ct(t) = Ca(t) Vb+ (1-Vb)K1 Ca(t)⊗ e-(K
1
/Vt) t 

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.

Vb: arterial vascular fraction: correct for ”image signal that look like arteries”
Present standard: 1 tissue 2 compartment model (1T2KVb), 180 sec aquisition

K1

k2



Ian Law, Rigshospitalet
Department of Clinical Physiology, Nuclear Medicine and PET

Effects of correcting for Vb on rCBF quantification

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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Collecting data with PET - Before
Setup

15O2

Automatic Water Injection System 
(AWIS)

Plot
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Regional Cerebral Blood Flow - 90 sec distribution image, PET [15O]H2O

Observed Tissue
Response function Ct(t)
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Arterial input function (Ca(t)): Applied test function
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O15 T1/2 = 2min

rCBF Overestimation CBF ≈ AUC (Tissue)/AUC(AIF)

Delay & Dispersion (=Smear) corrected input function

Calculated for whole brain - Assumed to apply regionally

Input Function- adjustment

Iida, H. et al. J Cereb Blood Flow Metab 6, 536-545 (1986).

Response function from brain tissue, Ct(t)

Original input from artery, Ca(t), AIF

Problem?
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Dispersion Sources = ”smear”

4 - 8 ml/min

Internal: 
• Vascular transport to cannulation
External: 
• Cannulation, 3 way valve
• Diameter of tube (< 1 mm)
• Speed of aspiration (4-8 mL/min)

Ø < 1 mm

Dispersion function

τ : Dispersion parameter
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09



Ian Law, Rigshospitalet
Department of Clinical Physiology, Nuclear Medicine and PET

Arterial cannulation – gold standard, but prefer not to
• Trauma:

• Invasiveness

• low, but non-negligible risk of complications

• Robustness:

• Artery Access

• Anticoagulant therapy

• Patient Acceptability

• Patient Fragility

• Children

• Chronic disease

• Cost:

• Anesthesiologist

• Logistic/Planning

• Staff training/availability

• Physicist/techs

• Technical issues:

• Calibrating 2 different measurement devices (scanner/sampler)

• Measurement

• Clocks

• 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

26 
cm

106 
cm

5x5 
crystaller

400 MBq [15O]H2O 12 min dynamic acq
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Effects of large axial field of view (AFOV)
• Increased sensitivity = more counts x (10-30)

• Increased temporal resolution (1 sec (msec?)) or

• Better image quality or 

• Decrease in acquisition time or

• Increase in acquisition time or

• Lower dose injected

• Increased coverage

• Image derived input function (IDIF)

• Simultaneous multiorgan acquisition

G. A. Prenosil et al., J Nucl Med (2021).

Large acceptance angle with
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Ian Law
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Image vs artery derived input function 

• AI based Aorta segmentation of low dose CT

• Erosion 8-10 mm

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

Ian Law
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The Partial Volume Effect – resolution is limited
Ideal Resolution          PET Scanner

Many tissues in ROI (tissue heterogeneity)
Spill-in/out

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

Ct(t) = f Ca(t)⊗ e-(f/Vt) t; 

f (E ≈1) = K1 => K1 determines Perfusion information
Very Partial Volume sensitive
More Stabile

Ct(t) = f a Ca(t)⊗ e-(f/p) t       

f = K1 / a ; K1 =p k2 , f = p k2 /a

=> k2 determines Perfusion information
Not Very Partial Volume sensitive
More Noisy

ROI

Tissue

a = 0.5 g/ml
K1 = 1.0 min-1

f = 2.0 ml g-1min-1

a Perfusable tissue fraction



Ian Law, Rigshospitalet
Department of Clinical Physiology, Nuclear Medicine and PET

Myocardial blood flow (MBF) with [15O]H2O

29

• Linear relationship between K1 and MBF

• Remove right and left ventricle BV in model

L Toldbod, Aarhus
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30Ian Law

L Toldbod, Aarhus
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Ct(t) = Ca(t) Vb+ (1-Vb)K1 Ca(t)⊗ e-(K
1
/Vt) t 

Renal perfusion with [15O]H2O

• Limited studies

N. Kudomi et al., Eur J Nucl Med Mol Imaging 36, 683 (2009).
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Ct(t) = K1 Ca(t)⊗ e-(K
1
/Vt) t 

AV Shunts?
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Possible, but complicated

-dual liver input (1/3 hepatic artery, 2/3 portal vein)

- non-invasive estimation of input from portal vein

- Portal vein is tissue curve from intestines

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

http://en.wikipedia.org/wiki/Superficial_temporal_artery
http://en.wikipedia.org/wiki/Middle_cerebral_artery
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Healthy

Carotid
occlusion

Rest Acetazolamide

rCBF rCBF

rCBFrCBF

20-60 %

Occlusion

The reverse Robin Hood Syndrome



rCBF Baseline rCBF DiamoxT2 MRI

LR



• Refused surgery

• 2 months after PET
– Pneumonia
– Septicaemia

– Hypovolemia
– Hypotension
– R Stroke

Follow-up
rCBF Diamox CT 2 mth post PET
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Standard Diamox report
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Regional Cerebral Blood Flow PET/MRI
O15-Water & Arterial Spin labelling (ASL)

Cannula

Crystal Pump

Not optimal hand position

Simultaneous
Measurement
Rest

MRI 2D pCASL
Multi Ti

PET
O15-Water
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Average ASL and PET CBF images in different perfusion states and differences between techniques

O. Puig et al., J Cereb Blood Flow Metab 40, 1621 (2020).



Brain PET/MRI O15-
H2O rCBF ASL i 
healthy newborn 

children
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