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Nuclear Medicine [}

Frederick Proescher — dir. of the "Research Lab for Experimental ,
Treatment, Standard Chemical Co.” — first published “clinical” study

“The intravenous injection of soluble radium salts in man”, Radium, 1 g R
(1913), pp. 9-10 | -

STUDIES ON THE VELOCITY OF BLOOD FLOW
« Georg de Hevesy (1924) — 219Pb and 24'%Bi in animals L. Tae Memop Uriiizep!
By HERRMANN L. BLUMGART axpo OTTO C. YENS
« tracer principle — key concept for NM and theranostics (From the Tharndike Memarial Lorstors, Bason City Hospial rd the Deparimend of

(Received for publication October 4, 1926)

Blumgart & Yens (1925) — 2'Bi (“radium C”) in humans
|V administration & arm-to-arm circulation time
* birth of diagnostic nuclear medicine instrumentation
 detection using Wilson cloud chamber

the American Medical Association officially recognized nuclear
medicine as a medical specialty in 1971

10

this “new” discipline has evolved continuously, ever since

Blumgart, Yens. J Clin

'r» Uz
Invest. 1926;4:1—13.
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Nuclear Medicine

* medical specialty that makes use of radiopharmaceuticals
for the diagnosis and staging of disease, for monitoring of
a disease process, and for radionuclide therapy (RNT)

» used in basic sciences such as biology, drug discovery
and in preclinical medicine.

* clinical aspects

 radiopharmaceutical
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Nuclear Medicine (NM) Instrumentation P

« gamma camera & single photon emission computed tomography (SPECT)
k)

positron emission tomography (PET)

radionuclide calibrator or activity meter

gamma counter / spectrometer

intra-operative gamma & beta probe

lr»‘ uz 4 o . —
’7 LEUVEN PRISMAP Summer School 2024 — Quality Control in Nuclear Medicine - K. Baete KU LEUVEN



NM instrumentation ‘.

scale, precise laboratory balance
* mass (Q)

size, stadiometer, VOI, ...
 length (m), area, volume, ...

clock
 time (s)

glucometer

 blood sugar level (mg/dl)

other instrumentation

* respiratory gating, ECG, ...

« infusion pump, ... RO
software & hardware (MDR) | ﬁ

Gear, J.l., et al. Eur J Nucl Med Mol
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Quality Control (QC) and Quality Assurance (QA) [z

 with the intention to optimize the radiation protection, administration of activity, data

acquisition, image quality, data processing, or radionuclidetherapy safety
SIEES

* by observing and assessing systems and procedures, lowering risks, improving quality
» instrumentation, equipment
« gamma camera, SPECT, PET, radionuclide calibrator, gamma counter
= actions, procedures and techniques

« administration of radioactivity, data acquisition, data (image) processing,
data storage & archiving, ...

* radioactive waste procedure, decontamination, ... “In essence, QA is

* purpose of the observation, verification, or “control” is nothing more than
_ _ L o thoroughly organized
» to reach a certain recommendation, standard, criterion, objective, ... meticulousness of work.”
= comparing the observation (measurement) with a threshold
= comparing the results with a reference value or earlier values (e.g. acceptance)

* QA s focused on providing confidence that quality requirements are fulfilled

'r» Uz
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QA & QC in Nuclear Medicine | EC [t

COMMISSION Prismap

®

 evaluation and routine testing , " ,
in medical imaging

) \2
v

) equment “fecyde r \ Comparison with ref.
° performance measurements & Performance check ) ’

reference values -
Initial test Are Yes
—>

* periodicity of routine testing criteria

e o Reference values met?
« acceptability criteria (AC) _

* role of medical physics expert
: Post-service test
 quality management

| UZ
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Quality Control Recommendations IPEM o

nh AMERICAN ASSOCIATION
?VQJFPHYSICISTS IN MEDICINE

Prismap

e EANM Physics Committee

Eur J Nucl Med Mol Imaging (2010) 37:672 681 E F o MP
Acceptance Testing and Annual Physics DOIL 10.1007/s00259-009-1348-x
Survey Recommendations for Gamma :

Camera, SPECT, and SPECT/CT Systems

GUIDELINES //// /

a Nucl Task Group 177 / / /
uantitative Nuclear
Medicine Imaging: February 2019 / ///

ez L T Acceptance testing for nuclear medicine instrumentation /
af.“ // / / // /
Ellinor Busemann Sokole » Anna Plachcinska + Alan Britten -

Ee&é‘ﬁ%ﬁ;‘m’“’w2';?'25,.9‘%""““""" i on behalf of the EANM Physics Committee // / ///
w) ww
/////// " ////

Eur J Nucl Med Mol Imaging (2010) 37:662-671

DOI 10.1007/s00259-009-1347-y / / /!éél%%i;%
GUIDELINES ///% : /éONTROL

MEDICINE .
_

’ TATION
AND OCOL
STANDARDISATION

IAEA HUMAN HEALTH REPORTS No. 9

\\\

©2019 by American Association of Physcists in Medicine

&

Routine quality control recommendations for nuclear 7
T nd Quaty Adsarance medicine instrumentation

of Radionuclide Calibrators oe

Used in Nuclear Medicine :E
®
On behalf of the EANM Physics Committee: Hy EANM TECHNOLOGISTS GUIDE
. - . o
Report of AAPH Task Group 181 Ellinor Busemann Sokole - Anna Plachcinska - Alan Britten ovz=<

With contribution from the EANM Working Group on
Nuclear Medicine Instrumentation Quality Control:
Maria Lyra Georgosopoulou - Wendy Tindale - Rigobert Klett

Healthineers ™"

OCIATION OF
R’G"cpf‘é'i\?zssw\r:n ICINE

or in
e e

h@”v IAEA EANM Technologists committee

International Atomic Energy Agency
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s

Table 1 Routine QC tests for a gamma camera: planar, whole-body, SPECT and SPECT/CT. Equipment type: scintillation Anger gamma camera 27PEU
(ﬁ Prismap
Test Purpose Frequency Comments
GCl. Physical inspection To check collimator and detector Daily Inspect for mechanical and other defects that may
head mountings, and to check for compromise safety of patient or staff; if
any damage to the collimator collimator damage is detected or suspected,
immediately perform a high-count extrinsic
uniformity test
GC2. Collimator touch pad To test that the touch pads and Daily Both the collimator touch pads and gantry
and gantry emergency stop emergency stops are functioning emergency stop must function if there is an
unexpected collision with the patient or an
obstacle during motion; the touch pads must be
checked each time the collimators are changed
GC3. Energy window setting || To check and centre the preset Daily The test is intended to check the correct **™Tc

for 2°™Tc

GC4. Energy window setting —
other radionuclides to be
used

G

energy window on the **™Tc
photopeak

To test that preset energy windows
are properly centred for the
energies of other clinically used
radionuclides

Daily when used

GCS. Background count rate || To detect radioactive Daily
contamination/excess electronic
noise
GC6. Intrinsic/extrinsic To test the response to a spatially Daily
uniformity and sensitivity y uniform flux of **™Tc¢ (or STCO)) 9

v | UZ
j
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energy window
Frequency of the test should be adapted to the
particular camera and frequency of use of the

radionuclides

The background count rate should be stable under
constant measuring conditions

Visually inspect either an intrinsic or extrinsic
(whichever is most convenient) low count

KU LEUVEN

Eur J Nucl Med Mol Imaging (2010) 37:662—671
DOI 10.1007/s00259-009-1347-y



Quality assurance & control (1.x)

e general
* time references, hardware & software integrity, data exchange, ...

« gamma & SPECT camera

 planar & tomographic uniformity, energy, centre-of-rotation, planar & volumetric
sensitivity, image quality & signal recovery, ...

PET camera
 detector & tomographic uniformity, quantification, image quality, ...

hybrid technology
« multi-modal alignment, influences for corrections (attenuation, scatter, ...), ...

activity meter
» background, zero, accuracy, constancy, reproducibility, repeatability, stability, linearity, ...

gamma counter
« background, efficiency, constancy, reproducibility, energy & resolution, linearity, ...

lr»‘ uz 1 L . o
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" u Photocathode Anode 27 EU
Photon Energy Determination . S \\ g | B
Scintillator O$\ —
. detector type - I S B RS SANASN=
etector type - gamma camera \F)\”\{’ =
]
- scintillation detection: weak spot > PMT P ’
oo [ERg Dyrose o
« # scintillation photons / gamma keV p e Phetomtipler e (PMD
* # photo-electrons E
* electron multiplication — dynodes - % .
* high-voltage, electronic noise T
PHOTO- il
CATHODE FIRST DYNODE %
/ / ANODE 5
o—> i T "
SINGLE ™ P/ g PULSE HEIGHT 2
PHOTON A A 600 L2 3
O TDy1 TDyE TDy-1 TDyn ©
1 T | b
elecTRoN A A\ A8 /5% EneReY

GROUP
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5
. . . OOOONIONNNINNANNNNNNNNNG
56-N
Radiation Image Device (1958) = A
Ve o
AT A : i : ¥
- Hal O. Anger (1920-2005) ;JE!! El 1EL 17\
- invention of the gamma camera, basis for SPECT é\l = 5H| “ 7\
« anger “positional” logic: X and Y signal 42**2@/4_{ | 2N 46| q
- photon energy: Z signal N AN \Zd Wi
gy: Z sig N N |
.1:] | h?-"/}/ N 1|
I Fi6_2_ \ - 587 |1
| 7\ NN
s | - ”kﬂ%éig; L
oAl e G 229 Zalld \36 38 22 |!|
1Z121Z| 65 18 7
%%iﬁ!g! 1o \ /
o T ST e feurn e \ 29 /
89 ] s 83| UEEEEF%(;HT s 1 7\\\\\/ 32
“alternative . AMPLIFIER i PUL:EDESLHA‘}{PER AMPLIFIER - {28 \ ’y
detector —i #
configuration 10 #)

3 J Nucl Med Technol, Dec 1, 2005, 33(4): 250-
! 253 — See also US patent US3011057 A

J
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QC of gamma camera photon energy settings P

 global E-setup
* “peaking”

* local E-setup
* “tuning”

A
A

2l

without E correction with E correction

| UZ
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QC of gamma camera photon energy settings P

* QC of the energy settings is important (peak position & window width)
* needs daily verification, at least before the start of its clinical use

* e.g. bone scintigraphy

« 'Co — 122 keV

° gngC — 140 keV o ' m
...... /\lL | | 57Co e

| UZ
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Importance of energy setting verification

« dynamic phase of a bone scintigraphy study ’
\ "‘

 positioning of the hands onto the detector

« first investigation of the day

 acquisition starts with administration

 committed dose — no clinical benefit

« QC energy

45 4 | . " ‘ 'l":f{ 4-/ 'f
« 57Co-flood oo | 77C |
1122 oV & & 4 4% &
| N b & &9 F P

""“'-ﬂ“h

Py ,‘3 # ‘_b iy f '

 energy shift

.

lr.‘ Radionuclide and Hybrid Bone Imaging (2012) - : . —_
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. . Intrinsic uniformity — Extrinsic uniformity
oin
Detector uniformity o
+ <1mL w
- aim: detector response to a uniform Sourceto.
exposure, should give a uniform response S eceor gy
5 x ' ‘-,l S;IgS- tr? S?S-MBq
. . " g . £ 5y O sheetl source
 extrinsic verification d;g;ggg,
iImension
« 57Co sheet source (or 2°"Tc flood) _
. . , _ . Collimator |
« verifies the “whole” system, incl. collimator
* intrinsic verification Uncollimated |y
detector detector dimension
« 9MTc point source (or another isotope)
. far away R

adr

 close by
 dome effect

o 1 1 1 1 L
o WH 400 B ARG 1000

quality metrics
* integral uniformity

N .
- differential uniformity [M %WWMW\/\MM/‘ ‘°°<_“—m:::m;:>
\—r

meting profiel doorheen meting theoretisch intensiteitsoppernviak seauied Eload Curvature Corrected Elood
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Trend analysis of detector performance — uniformity E

l O UFOV Int.
X CFOV Int.

« typical values ; ;

» subtle deviations . e

* environmental reasons . o oske o5, gk o) Y X % #
* temperature - q %% B2 x| X ;

7
%o
eq;e
2,
%
e\"

. humldlty 4 < Koy %Q'f’ UFOV Int. CFOV Int.
component drift $ AT S S N @l Dotector 1

[ ]
* electronics X 5 ; o wokr. |9
+ voltage supply 3 o iy |
* . o ¥q o 8."1.8 B () o >
o B e ;
« comparison between : P S % i 2
1 x 1
« systems 0 0

,1’(59 ,90 @,\fh @,\:\ @,\_Q %dg; I UFOV Int. I CFOV Int.
* system parts & & & & o S Detector 2
" Y N My

| UZ
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HM1ib ' 2(of 1) B
QCsymbia_intr_unif IntVer D Int Ver Detector
Intrinsic Verification Flood U 60,51 U 61,61 CNTS
QCsymbia_intr_unif LD LOCNTS
2022-08-16 15:06:48 33 38 CNTS

ENERGY

N1 ' 2{of1)
QCsymbia_intr_unif Int Vier D Int Viar Detector
Intrinsic Verification Flood U605 U 1,6 CNTS
QCsymbia_intr_unif Lo LOCNTS
2022-09-16 14:55:38 49 31 CNTS

. Lower energy

Det 1

ENERGY

NM1d ' 2(ef 1)
QCsymbia_intr_unif IntVer D Int Ver Detector
Intrinsic Verification Flood U616 U627 CNTS
QCsymbia_intr_unif Lo LOCNTS
2022-09-1615:21:23 43 56 CNTS

Higher energy
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Actinium-225 Radium-223

Thorium-227

p

Energy settings for novel radionuclides (alpha emitters)

A HPGe Discovery 670, GE Symbia T6, Siemens
1000+ 1.5- — : p—— 1.5- s 3 : P—
Ra 223 b il il il e
4 » . BE » ¥ E
. 1.4d € : : € § :
3 1.0- 2 1.0- ;
600 9 < - — MEGP/MELP
& AR 3 | f
o S N N - — HEGP
400~ ® ® :
E 0.5 E 0.54
o =]
200+ = =
0 T T T T 1 0.0 —— T 1 0.0 — T
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
1000+ 1.5 . S—— 1.5-
| all ] 1 | I ]
p— Ac 225 » N : [
99d E g
o 1.0 <]
600- o o
E a 5,830, 5,797... - =}
o y 100, (150...) @ @
o & N N
400~ = =
E 0.5- E
=] o
2004 ‘A = =z
0 1 1 L Ll L] = 1 0'0 T 1 Ll L] L] 0'0 T nd ) ] ] - 1
c 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
1000+ 1.5+ 1.5+ - —
J 1 me
- Th 227 ° - £ bt
. 18.7d 'E '§
o 1.0 o 1.0
600 o o
= k-] -
o - 0 6.038,5.978... @ -1}
o v 2386, 50, 258... ‘E .u
400 ® ®
| E 054 E 0.5
=] =]
200+ = =
0 T 0.04 — ™ T T 1 0.0 — — T T 1
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LEUVEN I

Benabdallah et al., Theranostics,

2021, 11(20):9721-9737
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» system calibration and clinical
protocol development

* limit-of-detection analysis

nax

221'Th - Discovery 670, MEGP collimator
30000~

20000

10000~

Reconstructed counts O

1
0 10 20 30 40 50 60 70 80
Concentration (kBg/mL)

KU LEUVEN




Uranium

Establishment of clinical imaging protocols

Protactinium

« gamma-camera imaging of Th-227 / Ra-223

1 H T Thorium
* requires good background correction (using a 10 hour acq!)
ﬁ:- 'l ;"...:-l.' T l-"-‘.-l ke I:;.i |"-". 1 o 1 ! T, e . . ’ Actinium
TR e Aol
RIS i ; ' 2 R g ' . | . ¥
& r:'-'i-,': l: '1" ] ‘E{ Y ':"“ M? m .‘ Radium
ok 1 e =i |:
fread s | F ‘ e
;:.' e - £An b _i] i ___J : Francium
E it e B BV Ak ; " . o : x!\ Radon
3 _: ﬂ / ; .‘x“" : f/ : 7 f 3 '.‘.“. .‘\ '\I /
E | / f LN \ Astatine
] 227Th "W
£ 223Ra + daughters A elenum
= é‘ i | Bismuth
.- R )
- P ,.‘;‘\. 4.5 ha b B ’t N /Y ,F_ N A Actinides
7 \//\ \ { LSy / l!‘ \ "--,lt'-""e \ 1 A i (, l’! ; DA:Ea:\ Metals Stable end
E |’ '\d{‘ : ;l {::? l\‘i,{_rf‘ ‘: :' ‘Dl ‘ :_| 'ﬁf} Ca‘z;r:farth Metals
Y ST G P N e e | o
0 TT T T T T [T T T [T T T T[T T T T[T TrrrrT EW5 Sum-EW1’3,4,5 Post Transistion Metal e .
0 100 200 ity e 300 400 500 21 5_260 kev 350-420 kev Transition Metals allium
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Establishment of clinical imaging protocols

SPECT/CT is feasible for Th-161

« complex energy spectrum
« extrinsic uniformity correction is recommended

Marin et al. EINMMI Physics (2020) 7:45

* Monte-Carlo based iterative reconstruction techniques https://doi.org/10.1186/540658-020-003 14-x
* currently beyond available commercial solutions a b c
« computational burden / collimator modelling .," .. o .. .
« fast GPU-based MC improves Lu-177 imaging 4*_' '§ | . 3 . e L
a b c d o |

Rydén et al. EINMMI Physics (2018) 5:1
DOI 10.1186/540658-017-0201-8

—Vertical

« current clinical QC does
o~ e not cover advanced
B e s T o image quality analysis

Pixels

- .

-

Relat ount
g
&

(4
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SPECT — center-of-rotation (COR) 5

detector

* mechanical (physical) COR should be
identical to the electronic (image) COR

 analysis of a SPECT acquisition of a point
source

* revolving over 180°, 360°

Front View Side View Reference Image with Slice Position SINODGRAM X-COR SINODGRAM ¥ Offset

|
Cantar
\\

= of

/( Rotation ™~ Axis
I
Lo Hll"
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Bed axis

SPECT — center-of-rotation (COR)

 there should be no offset in the regression of a sine function

Y axis

*7 Axis of rotation
» criterion (regulator):

 the offset should be below 0.5 pixel size in clinical acquisition
mode (e.g. 128 matrix = 4.8 mm pixel, hence COR < 2.2 mm)

RESULT CENTER OF ROTATION CHECK X Offset Pixels Y 0ffset Pixels
COR offset : -0.049 1in Pixels
. . COR offset : -0.233 1in nmm 2 1
Front View Side View . s
ChiSquare : 0.065 from the fitting

SD Y Offset : 0.065 1in pixels

C j — . 0 == S I— [1]9 e _V.-v‘_"'r\w L N
Views : 60 T
. . .
— Center Hatrix : 128+128
/ N of Time/Frame : 3.3 sec

~
‘ ‘/\/ Rotation Axis Pixel Size :  4.795 mm -2 -
' + ' of

\ Rotation

\ /
LY
\“"I-—l
1 8 15 22 29 36 43 50 1 8 15 22 29 36 43 50
C :] Frame / View | Frame / View |

Uz
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Gamma camera planar spatial resolution P

* Modulation Transfer Function (MTF) — spatial
frequency response of an imaging system

-10 0 10 20 30 40 50 60

1.0 S

0.8 |
g 0.6—_
“ 04

J. Santos, et al., Appl Radiat Isot,
66:1 (2008), pp. 44—49
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300 mm =

i\

More advanced quality control o,

Attenuating Material
(acrylic or water)

e geometry, linearity, alignment, pixel size, sensitivity

« SPECT uniformity, image quality

Detector

_V

 overall system performance test

'''''''''
L LR LN LI
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@ @ *r rrce bt
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EE ] LN N NN
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e
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i
4
44
i1
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Novel detector technology — CdZnTe or CZT +l=

- Cd, Zn,Te — usually x < 0.2 Nal(Tl) G2l
¢ “oixelated” detector i density (g/cm?3) 3.67 5.81
e compacC IXelate e I
P P ector tiie u (cm?/g) @ 150 keV 0.566 0.544
° I ~ RO
better energy resolution ~ 6% Z. 51 50
crystal thickness (mm) 9 5
Comparison of stopping power intrinsic efficiency (%) 85 80
1000 Solid State
Camera
1
_ 10 , Nal Scintillation
5 Q. Il
2 —a g "“”“J
S 10 — Nal g LI\U
: s |WM
5 g
01
10 100 1000
energy (kev)

| UZ A. Bolotnikov, Brookhaven

26 . PRISMAP Summer School 2024 — Quality Control in Nuclear Medicine - K. Baete KU LEUVEN
National Laboratory, NY, 2012
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New gantry design and detector geometry p
multiple CZT tiles together | "

novel gantry designs

swivelling CZT detector
360° dynamic SPECT —_a

new QC strategies required \—d
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Holmium count rate curve in 74 - 87 keV window +

10000
C t t r.f ---- PDM: C(A) = a A e g T
ount rate peritormance — cm-an i
EEm Symbia T16
_ 8000 1 mmm Symbia T2
» detector dead time — count loss - e
g -—""0
« particularly important for Nal(Tl) detector g ©%°
Q
* high energy photons ('%®Ho-SIRT) 2 1000
o
« CZT almost no count loss (e.g. therapy) -~
2000
Projection data
1.E+03 ....::go...o.
,-’ 0 f T T T T T T
7 o 0 500 1000 1500 2000 2500 3000
£ 1.E+02 o« S Total '°°Ho activity in phantom [MBq]
E 1.E+01 ' Mzm
3 A y=04651x - \ Cardiac first-pass studies
% . R?=1.0000 g \
S 1.£+00 -
: il
. ;oou f\ ""C‘__-W’_/\N =1
1.E-01 , R e A -
0.1 1.0 10.0 100.0 1000.0 ’s P 100 150 200 250 %00 %50 420
Activiteit (MBq) Time (s)

| UZ Stella, M., et al. EINMMI Phys 8, 22 (2021)
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27 EU

Dead-time correction for Nal(Tl) based SPECT cameras P

Prismap

* investigation of system behaviour might take some time, and bring extra costs like e.g.
making available large amounts of activity (not required to be a radiopharmaceutical)

« underestimation of activity in extensive disease without dead-time correction

« with new CZT technology, dead-time might become a substantially lesser problem

177LU-PRRT E ® Dead-Time Correction
Area under the curve (MBg+hours/ml) : 82.57 n Extrapolated True Fates “Fast_mode Imaglng,,
8 | ot nder e e (MBqrhours/nl) - 70.8 +++ Non-paralysable mode! fit 131
@ 80 80- with 7]
Difference of area (%) : -14.14 o .- F'aralysable model fit
= g § ___ Non-paralysable model fit ", -
;ﬁ E ] Renal TAC f 60- (usable range) .‘, g' 60-
.‘? i " 0 ” s
'y difference: 14.1 % 3 0. i
< ¥ _t! s . ol E
2 | g
= © 20+ [y E 20+
§ X 1.6 GB
i _‘./"' e w 1.6 GBq
8 o Ll Ll L} 0 L Ll L 1
8 0 10ID 2(;0 30|0 4(;0 500 o 1 D 20 30 o 20 40 60 80
s Time (hours) Measured m (kcps) Measured m (kcps)
Desy et al. EINMMI Physics (2020) 7:32 Rebecca A Gregory et al 2019 Phys. Med. Biol. 64 245013

https://doi.org/10.1186/s40658-020-00303-0
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PET — assessing detector response

e energy analysis & uniformity

-] B N e e LR etz (o [N oot e et o E | ;| SN o S PR Thg T Tt T ,r.--l--.-;L\ e T b of o1 ]

. Sinogram/projection 0 1 00 O 0

« daily QC - typically incorporated in an automated startup procedure

Summary | crystalMap_131104_1156_2.cal | sipmGain_131105_1302_1 0.cal energy_131106_1559_1.cal | ctc_131106_1620_20.cal ',

Enter Edit Mode v SerAs Vel ﬁ Coincidence
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L
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Item Low Limit High Limit Current Reading  [R/Y/G
PET Coincidence Mean 38725.75 43665 46 41236 83 |Green
PET Coincidence Variance 334603 377318 356609 Green
PET Singles Mean | 141973 91 160098 23 151087 16 |Green
PET Singles Variance 37733 425.50 401 .48 Green
500 PET Deadtime Mean 0.00002 0.04749 0.01750 Green
PET Timing Mean -0.09685 0.02315 -0.03212 Green
PET Energy Shift -8.00 8.00 0.05 Creen

|

|

|

(4] (103

SCC[

-
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L+
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(15
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PET radionuclide calibrator cross-calibration B
« uniform cylinder with '8F solution
uniform * radionuclide calibrator (RC) measure (Bq)

cylinder
reconstruct image

5 known cylinder volume (ml)

known Bg/ml =2 measured cpm/voxel
cross-calibration factor determined

=| pre- and post

| il compare to establish
Z| injection assays

scanner calibration
factor for kBg/ml

f

decay corrected
net activity
3

PET
scanner

dose
calibrator

» same RC used for patient
administration

* measured cpm/voxel

« converted to Bg/ml, SUV, ...

patient weight
(& height)

scanner global decay corrected
calibration factor net activity

|

PRISMAP Summer School 2024 — Quality Control in Nuclear Medicine - K. Baete KU LEUVEN
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Internal calibration using gamma counter P

Prismap

* problem for radionuclides with short T,
« 1C, 18N, 150, 68QGaq, ...

* positron emitters -> narrow E window
« correction factor for positron branching ratio

» F-18 eff. (%) =34.2 cps/positron

e
1 1
S 11
%‘; 11
5 11
E w 11 . . e
g 11 Table 1 Experimental measurements of gamma counter efficiency (mean +SD) for "°F
2 I and °*Ge/**Ga
3
3 1 Isotope Efficiency (%) Positron fraction Efficiency (%)/positron fraction
4 : : "8F 344+0.18 0.97 355+0.18
0 500 1000 *¥Ge/**Ga 30.1 +0.07 0.89 33.8+0.07
Energy (keV) Both isotopes were measured using a 409- to 613-keV energy window.
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Quality assurance — gamma counter efficiency

Prismap
Eff. (cps/positron)
« 88Ge reference sources
0.355
%) = T
« mean eff. (%) = 33.5 + 0.4 cps/pos 0350 :
0.345 T
Medical Imaging Laboratory 0-340
ol = ieg| ) )
B ECkert & Zleg er Industrial Gauging and Medical Imaging Laboratery FM 0335
Isotope Products o 0
8_ 0.330
CERTIFICATE OF CALIBRATION < | 1
GAMMA STANDARD SOURCE = 0.325
Radionuclide: - ustomer: B L
Baie 270803 dap .o OGN 0320
Catalog No.: GF-0318-220N Reference Date: 2017-02-01 12:00 PST
Source No.: 1924-30-2 Contained Radioactivity: 2257 nCi 8351 Bq 0 .3 1 5
(Ge-68 only)
Physical Description: 03 10
A. Capsule type: T (12 mm diameter x 75 mm length)
B. Nature of active deposit: Dispersed in epoxy matrix
C. Active diameter/volume: Approximately 0.71mL (0.7124 grams; balance filled with inactive epoxy) 0.305
D. Backing: Plastic
E. Cover: Plastic 0.300
Radioimpurities: UZ-175 UZ-174 UZ-151 UZ':I.SO UZ'130 UZ'128
None detected (Ga-68 daughter in equilibrium)

Method of Calibration:

This source was prepared from a weighed aliquot of solution whaose activity in uCi/g was determined using a
pressurized well type ionization chamber.

Uncertainty of Measurement:

A. Type A (random) uncertainty: x 00 %
B. Type B (systematic) uncertainty. + 30 %
C. Uncertainty in aliquot weighing: + 00 %
D. Total uncertainty at the 99% confidence level: x 3.0 %

Notes:
- See reverse side for leak test(s) performed on this source.
- This document uses the date convention YYYY-MM-DD in accordance with ISO 8601
- EZIP participates in a NIST measurement assurance program to astablish and maintain implicit fraceabili

KU LEUVEN
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Prismap

Linearity analysis — gamma counter

10000000.0

Efficiency

baCkgrOUf)d * Phantom (bgr corr) 0.40
- Sample " oq ="
1000000 | % w ':::.;,':.v -.‘;:'h .é"h o‘ ke, ""3? .”A\WM‘ w
g_ 10000.0 F-1 8 8'030’ .
O = fos < Linear range >
. 1000.0 >0
5 =
(@] 1000 | 020
@) . y [ — g <Noise - background> <Deadt|me — plleup[>
i) e, v e . ) M 25 2l o .. o 4 < e | o1
background e et i 1 kBq 10 kBq 1 MBq
00000 02000 04000  0.6000 O.S.OOO 10000 12000 14000 16000 18000  2.0000 10 100 1000 . 10000 ACthlty ( B q ) 1000000
Time (days)
e Efficiency
Phantom (bgr ) — 0.80
e Background g 0.70
e 2. -~ Tc-99m
o
8 100000 TC—99m 3 050
g 10000 | ? 040
3 . g 030
10.0 W E 010 1 kBq 10 kBq 1 MBq
0.0000 1.0000 2.0000 Ti,j::;:yg) 4.0000 5.0000 6.0000 10 100 1000 o 10000 ACthlty ( B q ) 1000000
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Nuclear Medicine Equipment Standards | T

a quantified and traceable measure using an NM instrument
« numerical value — relative or absolute measure
 physical quantity — (Sl) unit of measurement

nuclear medicine (NM) instruments
+ radionuclide calibrator or activity meter (Bq)
« gamma counter samples (Bg/ml)
« SPECT phantom (cps/voxel)
 quantitative PET/CT or SPECT/CT (Bg/ml)

calibration step
e conversion between units

verification and follow-up
* QA & QC, incl. Q-management

I ‘ 2 o . — E—
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Standardization and QC - ﬂ

Mark H. Stone, “The Cubit: A History and Prismap
Measurement Commentary”, Journal of

« the challenge of standardization is not new Anthropology, vol. 2014, 489757, 11 pp, 2014

* ell (ulna) — cubit (forearm)

* nuclear data, half-life, e.g. branching ratio for positron T s S e
emission of ?°Y in PET acquisition software ~ _=_ ... D Lt

- | English ell

E=2279,800 keV Cub].t
. . _ B~ (0.011%) Span | | French ell
« deviceA: 32x 10° Branching ratio |\ Fathom
 device B: 34 x 106 Bg<—>e' J B»B+_o B :L";L‘;ﬁiﬁiﬁ*lﬂ%\b\b\b\ﬁ{ﬁ{1;\1:{1411;\1»11: !

0* E-0stable 18 handbreadths
 imaging standards (DICOM, 1SO-12052, ...) ' ‘ g e
* time references & decay correction

907y

6 feet

* it looks like ... there's much more need for
standardization, even before calibration / verification (QC)

In support of the UNESCO World Metrology Day 2024

e ¢y [l unesco| ,20May2024

} Mesures www.worldmetrologyday.org
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Standardization in PET and SPECT

al8lx
- international effort > accreditation of PET -
Mokaes background conpaent 0 Ti
« SUV & image quality verification i
Dot B (o] [FE @ [remm
- . . e
 harmonization for multicenter trials e [ e

swips | sweer |

Slat plane 20
[Eed plane 54
Pharios ML -] @
RC Tool for Harmonization 5 |[=](E3 ll

Load =+ |  Analyze I Save CSV Save |

|« <[> | [2]e] e

PET2 30min A -638.500 Filter

2019/09/28 70
15:37:53

EARL PET/CT | PET/MR
Accreditation 2024

THIS IS TO CERTIFY THAT THE

i . . -

- ® - ®
s @

Recovary coethcient

University Hospital Gasthuisberg Leuven
Department of Nuclear Medicine
Scanner: GE DMI 4rings COL201800014PT

the

ted accreditat
for the following onc

60 - ?ﬂ‘tgi’"a' Value: Max PET/CT | PET/MR s
4 Sphere Upper Lower b
50 Size[mm] Org. 2L Limit Limit
: 37 4158 4071 417 382
% 40 28 4.042 3.942 42 3.56
£
= 30 22 3.951 3.694 4.09 325 (TREOF,
i =] o" %
DsiplayImage @ 17 3847 3151 371 258 4.
GES LE ol 20 13 2817 2222 304 182 | 202
] +/ Display ROI 10 . 10 2015 1.601 2.00 1.19 ( , ; RESgARCHA_FE
8! - Filter FWHM = 7.1[mm] 3 s ,.9"" *
8! 0 , , ' ’ ' ) o ,V g &Z o
H 5 10 15 20 25 3 3% 40 ot A1, Dlrt tetns %, fi‘\
8=z Sphere diameter [mm] EANM President 2023-2024 Programme aier Zcr-*
°
: A (x,y)=(93,97) Value=0.000 Zoom=3.16 < Options
«
« 8%
N

N AssocumoN OF
m"c’fgm MEDICINE

Daisaki, H. et al., Sci Rep 11, 8517 (2021)

i 7 PRISMAP hool 2024 — [ l'in Nuclear Medicine - K. B
’7 LEUVEN 3 Kaalep, A. et al., EINMMI 45, 1344-1361 (2018) S Summer School 20 Quality Control in Nuclear Medicine - K. Baete KU LEUVEN




« variety of activity concentrations
quantitative capabilities of SPECT/CT

reproducibility and accuracy

performance of the imaging system

accreditation for 777Lu-SPECT in prep

Symbia T16 C Discovery NM/CT 670 99 C
=54
1.00 1.00
L& k AOF 0.90 0.90
‘ AT
ﬂ’ﬁ"c"f’é’t‘\ﬁsﬁ?\‘)mlNE = 080 . 080
S 070 2 070
£ —8—26.95 MBq £ —8—30.01 MBq
3 060 L 060
o —8—120.77 MBq ) —8—128.67 MBq
> 050 Z 050
g ——176.96 MBqg g ——208.74 MBqg
g 040 g 040
] —%—257.44 MB @ —%—290.74 MB
= 030 q = 030 q
395.82 MBq 42579 MBq
7 = 0.20 0.20
I —»—498.45 MBq —%—529.03 MBq
o 0.10 0.10
0.00 0.00
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 - 40

| UZ
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Feasibility of harmonization: intercomparison exercises

rrrrr

A multicentre and multi-national evaluation
of the accuracy of quantitative Lu-177 MRT
SPECT/CT imaging performed within the @I?OSIMETRY

of dosimetry in molecular radiotherapy

MRTDOSImetry prOJeCt Tran-Gia et al. EJINMMI Physics (2021) 8:55
https://doi.org/10.1186/s40658-021-00397-0
 setup-specific image calibration factors (ICF) and
recovery curves (RC) of a variety of SPECT/CT
systems for quantitative imaging

60 T

~ | I ] ey e
ér 40 X ¥ 1 o7std
2 | : 1 =
Q
fzo- - ' 051 a=12:02ml |
- ﬂ " " * 1 025 _ =1.0x0.2 sh
0 St S2a S2b S2c  S4 S5 s6 s7 S8 S¢ (l) 3I0 6IO 9IO 1é0 \\ =
Volume (ml) L V=]
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QC for dosimetry and therapy planning

« General aim: the absorbed dose to target region(s)

Administered
activity

Ag =>

—Therapeutic effect /'
-=Side effects )
. A '

rr

Source region,
organ, tissue, ...

r

Target region,
organ, tissue, ...

Effect

7
e OMIN :
K ‘ I/ h lI ) Acceptable ,’
side effects F
______ ARy AN . W
TD " T >
- Dose
D(t) o< A(t) D(rr) = D(rp,t)dt “ }
< ’
O N ”I
/
’
) [
Reconstruction ”
& Corrections ,
E /
[ !
b ;
)
[
Acceptable ,’
side effects 4
Registraton& /  [fAbsorbeddose’ 4@ @02 N L
Segmentation . .
Erick Mora-Ramirez et al., Med . _
1 2 3 4 5 6 Phys 47 (9), Sept 2020 Dose ’
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@ MRT
DOSIMETRY -

Meatrolagy for clinical implementation
of dosimetry in molecular radiotherapy

Measurements (and calculations) in MRT

Calibration

Reconstruction

—_—

SPECT magng |

7 Uncertainties

Patient , S BN
Administration & oAl

AN

Ssiggggfgg Time Activity %3

(Hospital calibrator) Curve

Patient-specific
optimisation

Primary
Radioactivity

Standards calculation

National Physical Laboratory - 20 May 2019

Uz 21 Andrew Robinson (NPL), 4t scientific
LEUVEN workshop for stakeholders (2019)
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Selective Internal Radiation Therapy (SIRT) p

Prismap

 primary liver tumors: HCC, ICC 33'0 . Soh o
o @ uirem eres

* liver predominant metastatic disease: mCRC, breast, NET %-Spheres ) .

+ SIRT portfolio @ UZ Leuven we=re= oy TheraSphere®

« %Y — SIR-Spheres — Sirtex Medical Europe GmbH
« Y — TheraSphere — Boston Scientific Benelux NV
« 166Ho — QuiremSpheres — Quirem Medical, Terumo

 patient selection & work-up (CBCT, SPECT)
» pre- & post-SIRT procedures & analysis

= —

y RN : -~
|
I

Branch vessel

Daughter

I UZ Kennedy, J Gastrointest Oncol.
/| LEUVEN 2014:5(3):178-189
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) Patents g DOE JANE BB 6 Actiity Planning: Whol... . -

Contours % CT/NM Fusion #1 g B Notifications
DOE, JANE oy
All Series Ohieck-» SEECTJ’CT‘_F_usm
ANON39332 i

Select a Series to Contour
4B BETAHO166 - Activity ..

J Display

All Series Object - Tumor Series TR e o e } e . B 1 | : Prismap

2023
p2-0g DOE JANE x|y . . s Workflow In Progress: BETA Ho166 - Activity Plannin
3D Lever HD 1.5 B30s Tomo AbdomelACHS CHAC) . . T0ED gIESS: - y g

2023-02-09 142546 o - ey ; (CE)
Mode Tools O~ T . ; , > ‘ . .;'(\hterpbléle_d)_ |
P » ’i .\

PETEdge Threshoid Whole Body Region Grow

* & Y

20 Brush 3D Brush 20 Fill

Step 46 of 59 Launch Workflow

£ contaurs

Step 34 of 59 Suspend Workflow

Review the model-based activity prescription inputs and results. To change the
inputs, enter different values in the highlighted fields in the activity prescription
table. Resume Workfiow to finalize the prescribed activity.

& Dose

o ¢
Copy Foint
Contour Contou

A Findings
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Volume 1452 84
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< DIR QA
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HU*ml
HU
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u*ml
HU
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F). Normal Liver (Whole Liv.
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Contour Settings
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Line Width 2
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N

I
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Fill 0%

¥
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K
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Q
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SOFTWARE
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Standardization challenges in NM

crossing the valley of death — translational research
» global : regulatory — radioprotection — medicines agencies
* local : health physics — radiopharmacy — clinical environment

closing gaps between radiopharmacy and medical physics
 use of standardised recipients : V-vial, 10R Type 1+ Schott vial, ...

ENERSY, W ]
AMOUNT OF HEAT a
.

approach manufacturers

approach R-pharma suppliers
approach EMA, FDA,

=2

becquerel
(1/s)

ACTIVITY ABSORBED
(OF A RADIONUCLIDE) DOSE

Special Publication (NIST SP) — 1247 NIST
httpS//dOI Ol‘g/1 0 6028/N/ST SP 1247 National Institute of

Standards and Technology

Butler, D. Translational research: Crossing the , _ -
PRISMAP Summer School 2024 — Quality Control in Nuclear Medicine - K. Baete KU LEUVEN

valley of death. Nature 453, 840—842 (2008)



Velume 21 = Number 1 = 2021

Calibration challenges in NM

* the “calibration” problem is typically not intercepted by standard .3 o
quality assurance measures in nuclear medicine (unfortunately) . Dosimetry-Guided

Radiopharmaceutical Therapy

Journal of the ICRU

* this can lead to significant inaccuracies with the determination of
the activity [Bq] of a radiopharmaceutical

« more advanced quality control measures are therefore urgently
required - medical physics experts & metrology experts

 theranostics: quantitative imaging for radionuclide therapy and

personalized dosimetry are based on this Primary| o o0, ~PSDLs
' | B = e standards
— i = —— [
{
\\li\ ‘[’/ Secondary|1AEA o SSDLs
T standards| SSDL
World Health JAEA
Organization
S 3
TRS-374 — Calibration of | . Field :
Dosimeters Used in Radiotherapy ~ | 'nstruments |1 |
( 1AEA, 1994) FIG. 1. The international measurement system.
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Traceability of radionuclide calibrators

Physica Medica 45 (2018) 134-142

Contents lists available at ScienceDirect

H’P‘i:ﬂ
European Journal
of Medical Physics

Physica Medica

ELSEVIER journal homepage: www.elsevier.com/locate/ejmp

L. (T M Ny

Original paper

Intercomparison of *°™Tc, '°F and '''In activity measurements with )
radionuclide calibrators in Belgian hospitals =

Clarita Saldarriaga Vargas™", Sunay Rodriguez Pérez”, Kristof Baete™, Stefaan Pommé‘,

Jan Paepen’, Raf Van Ammel®, Lara Struelens®
*Belgian Nuclear Research Centre (SCK-CEN), Boeretang 200, 2400 Mol, Belgium
b 177 Leuven, Department of Nuclear Medicine, Herestraat 49, 3000 Leuven, Belgium

© KU Leuven, Department of Imaging and Pathology, Herestraat 49, 3000 Leuven, Belgium
'JEumpean Commission, Joint Research Centre (JRC), Directorate for Nuclear Safety and Security, Retieseweg 111, 2440 Geel, Belgium

sckcen @ U

* e K
Belgian Nuclear Research Centre European initiite for Rafsrance
Commission Materials and Measurements

Uz 16 Saldarriaga Vargas C, et al.

KU LEUVEN

PRISMAP hool 2024 — li | in Nuclear Medicine - K. B
LEUVEN Phys Med. 2018;45:134-142. S Summer School 20 Quality Control in Nuclear Medicine aete




Traceability of radionuclide calibrators i3
e results for Tc-99m
» use of Fidelis — secondary standard radionuclide calibrator

il

N 3
i34
N == :
Radiomg:)i;i:i:;]ibrator 5 SC|ent|f|C

| UZ Saldarriaga Vargas C, et al. , _ o
PRISMAP Summer School 2024 — Quality Control in Nuclear Medicine - K. Baete KU LEUVEN

MIINYEANY 47 phys Med. 2018;45:134-142.



TABLE 3. Nuclear Data for 11In

Equilibrium dose

Traceabillity of radionuclide calibrators i

radiation (keV)* n; puCi-'h=) Bg's)
Auger electron 2.7 0.98 5.68E—-03 427E-16
19.3 0.156 6.41E—-03 4.82E—-16

* results for In-111 — “The Good, the Bad and the Ugly” Comersion 1446 0.078  2408-02 1.805-15

electron
167.3 0.0106 3.78E-03 2.84E-16
170.5 0.00203 7.37TE—04 5.54E—17

. . H : i i i io- 171.2 0.000424 1.55E-04 1.16E—17
IHIII — proxy for goY @ Vial Syrlnge Fig. '4. Rat'lo of the massic activity obtained from radio 287 00493 DA0E-02 173515
nuclide calibrator measurements and the reference value for o4 1: 4 0: 00785 4: 04E—03 3: 03E—16

1.4 [ samples of ''In in a vial and a syringe container. RCs 1 and 2446 000151 7.87E-04 5.91E-17
- T 3 from hospital L were measured twice (first and second 2453 0.000301 1.57E-04 1.18E-17
r o) measurement campaigns). X-ray 3.1 0.069 460E-04 3.46E-17

13 T 2z E 1 23 0.235 1.15E-02 B8.64E-16
i EE 28047 d In 232 0.443 219E-02 1.64E-15
| : 26.1 0.145 8.06E—03 6.06E—16
B EC ¥ 171.3 0.902 3.29E-01 2.47E-14

1.2 1 i 2454 0.94 491E-01 3.69E-14
i ) 120 ps *Average electron energies.

a4 L1t § § } § } 1 E, = mean energy per particle or photon; n; = mean number
L } } § E of particles or photons per nuclear transition; A; = mean energy
[ } } E } § i E ¥ 171.28 keV emitted per nuclear transition.

1.0 H § { i § § ' M|n has the following properties: physical half-life, 67.3 h;
B E v decay constant, 0.0103 h~'; and decay mode, electron capture.
$ E 84.5ns

0.9 | $ ¢ s ¢ ¢ ¢
I Y 245.40 keV cd 173
[ Error bars = +u, (k=2) X-rays

0.8 T+ I

1123345[11|1234[1234[12]12|12]123456]|1|123]12[1]1 "'cd 247
L GM 18] E I | B Z A Tl C S [RID °
Conversion
electron
Radionuclide calibrator
Hospital @ Auger electron
Characteristic I
300

X-rays

keV

| UZ Saldarriaga Vargas C, et al. , _ o
PRISMAP Summer School 2024 — Quality Control in Nuclear Medicine - K. Baete KU LEUVEN
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Accuracy of activity for 90Y-SIRT

« SIRT = selective internal radiation therapy of liver cancer W

« gamma spectrometry reveals that the %Y primary SIR-
Spheres® activity calibration appears to be a significant
underestimate of true activity: 1.233 £ 0.030

Stephen A Graves, et al.
JNM, Jan 2022,
DOI: 10.2967/jnumed.121.262650

SIR-Spheres® activity measurements reveal §

- : : Redundant NIST-
High-purity Germanium Traceable Efficiency
90y 511 keV y-spectrometry Calibration

110

arem ent Res u’ts (-20%) (+20%)

amdracturer

Sample 1 .

100 —
Sample 2

90 — [
Sample 3

Sqrt(N)

80 Sample 4

70 Sample 5

Average

T T I T T I
495 500 505 510 515 520 525

Energy (keV)

I I I I I I |
0.0 02 0.4 0.6 08 1.0 1.2 1.4

Activity Ratio (Measured / Manufacturer)
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Accuracy of activity for 2°Y-SIRT

JNM, Nov 2022,

 confirmation of previous
StUdy and observations Y activities for both glass and resin microsphere devices

Authors: Silvano Gnesin*, Justin K. Mikell*, Maurizio Contj
Thiago V. M. Lima, Yuni K. Dewaraja.

Graphical Abstract

Evaluated %Y vials

% o %Y resin microsphere
l-%l — / dissolved
o Resin Chlorid 1.2 sy ianifi t
ass esin oride ' resin signitican
Microspheres Microspheres Solution Zl2 4 microsphere vials g .
(n=56)  (n=18) (n=4) 2z ,. Y uncertainty
| = - % % | 90Y Chloride vials . for thera py
= I/ Vendor Stated Activity E ® / : R
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Figure 1. Distribution of Aper/Ay, ratios for the four vial products tested in this study (i.e *Y-labeled
PET Measured Activity glass microspheres, *“Y-Chloride solution, **Y-labeled resin microspheres and “’Y-labeled

liquefied resin).
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27 EU

The value of (legal) metrology p

Traceability pyramid Prismap

European Union: 2013/59/EURATOM
 art. 56 — Optimisation: “...verification of administered activities ...’

H

Belgium: Medical Exposure Decree (2020) I I

« art. 9 — Optimisation: “... verification of administered activities ...”
» art. 60 — Reporting: “... deviation of >10% of the intended activity”

recipients often do not meet the calibration requirements
unknown calibration uncertainties on certificate of analysis CSIR-National Physical Laboratory, New Delhi, India

lack of knowledge about the unbroken chain of traceability or
calibration path for radioactivity prescription by a physician

how to compare that to the concept of maximum permitted
tolerance on “content” in the EU (76/211/EEC) & 7?77
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27 EU

Standards for clinical translation p

Prismap

 PRISMAP recommends the implementation of
* an end-to-end metrology methodology, and
* the involvement of medical physics experts (MPE)

+27 EU
for the standardization and harmonization of novel | PRISMAP \
radiopharmaceuticals for imaging and therapy

Clinical Radiopharmaceutical Pathway

Deliverable D4.1
Standards for clinical translation

Production and Secondary Quantitative Dosimetry

Supply I Radiciia e ey I NENGEIGE I Imaging I (MRT)

End-to-End Metrology

Calibration SPECT & PET Dosimetry Models,

Factor calibration SAFs, S-values WWW. pl’lsmapeu

Radiochemistry

Primary

Nucl Dat
NERGEIGH sisoadically

Metrology

This project has received funding from the European Union’s Horizon 2020 research
and innovation program under grant agreement No 101008571 (PRISMAP).

| UZ Clemens Decristoforo, et al. (2022).
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Quality assurance & control (2.x)

* novel detector and gantry technology
« CZT, SiPM, novel system configurations, radionuclide settings

« advanced image correction & reconstruction techniques
* raw data correction techniques, count rate & dead-time, ...
« offline (in-house) processing (quid EU-MDR 2017/745)
 quantification in SPECT & PET (dirty isotopes)

« advanced image processing & data extraction techniques
 (multi-modal) image registration
* image segmentation — artificial intelligence
 quantification, dosimetry and therapy planning system

 radionuclide calibrators
* influence of geometry, recipient, volume, filters, dispensing systems, traceability & metrology

* (technical) regulatory aspects are not in sync with the evolution of NM technology
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