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Gamma Camera | maging of
Radioactive Sourcesin Patients

Three major Components: l U—I

Nal Crysal

1. Collimator localizesOg ay
sourcein patient

2. Nal(TI) Crystal (single or
multi-crystal) over width of
patient stops thedgrays. \

3. Arrayof PMT s localizes
Ogay interaction in crystal

Collimator

Collimator Types
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Energy Rating of Available Collimators

Collimator M ax. Septal I sotopes
Type Energy Thickness
Rating (mm)
(keV)
L ow Energy 140 - 200 0.2-0.3 omT ¢, 2007,
133X e, 123|
M edium 300 11-1.4 *Ga, 'In
Energy
High Energy 360 - 500 1.3-3.0 B
Ultra-High 511 3.0-4.0 Positron
Energy Emitters

Septal Penetration Artifact

Streak artifacts appear
along dir ections of
septathat isthinnest.
Streaks extend over
distances of many cm
indicating penetration
of many holes.

Septal Thickness Requirements

Thethickness required is designed for
lessthan 5% transmission:
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wherednis thelinear attenuation
coefficient of the absorber, usually

- — lead.
w isthe minimum path length

Image of 1-131 in thryoid
with Septal Penetration

Imageresulted from
using a hig energy
collimator that has
hexagonal holes.

for adgray to be stopped for
holelength |, holediameter d,
and septal thicknesst. The
longer the holelength I, the
thinner (t) the septum required.

Could usehigher Z and density
tungsten, tantalum, or gold that have
higherdnand hence thinner septal
thickness offering improved
resolution and sensitivity.




Spatial Resolution

" Collimator Ability of the collimator

I I | to localize thedgray sourcein the

"\Ia] Crystal patient (~6-12 mm)

" Intrinsic Ability of the Nal(TI)
crystal and PMT to localize thedgray
interactionsin thecrystal (~3-4 mm)

" Extrinsic Overall system resolution
combining collimator and intrinsic
factors. Quadratic sum of FWHM of
intrinsic and collimator resolution.

Resolution vs. Crystal Thickness

mn
Thethinner crystal has better theintrinsic resolution (e.g.
3/8 has3.5 mmFWHM vs. 3.9 mm FWHM for 5/8 crysta)

Resolution vs. Number of PMT s

Thelarger number of tubesthe better theintrinsic
resolution (e.g. 3.9 mmFWHM for 37 tubes vs. 3.6 mm

FWHM for 75 tubes)

Resolution vs. Photon Energy

Intrinsic resolution isbetter for high energy photons.

Intrinsic Resolution of ¥MTc & 201T]|

2 .5mmbars 2 mm bars
2 .5mmbars 2 mm bars

R ol it

3 mm bars 5-mmbars bR = .
.5 mm bars

9mTc (140 keV)
3.5 mm FWHM

201T] (70 keV)
4.0 mm FWHM

Resolution of a Collimator

Ol 1=

d holediameter

I holelength

t septal thickness of lead

f collimator to source distance]

¢ collimator to crystal center
distance

FWHM,

Coallimator Ratio

we o ¢t

Sourceto Crystal

Resolving power of collimator Distance

Geometric Efficiency of a Collimator

Efficiency. ~ Klfﬂ I%]Z
!

Collimator Rati Open HoleFraction

(Note: for high energy collimators,
d+t islarge, and hence Efficiency.
becomes too low)

K =0.24 round hole in hex array
K =0.26 hex hole in hex array
K =0.28 square hole in square array|

System Resolution Vs. Distance
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Performance of Available Collimators

Collimator Hole Hole | FWHM | FWHM | FWHM | Sensitivity
Type Diameter| Length| atOcm| at 10 cm| at20cm| (CPM Br&i)
(mm) (mm) | (mm)**| (mm)**| (mm)**

Low Energy All 143 236 4.4 9.1 153 | 360 (*"Tc)
Purpose (LEAP
or GAP)
Low Energy 111 236 4.2 75 123 | 230 (®"Tc)
High Resolution
Low Energy 1.08 35.6 42 5.9 86 | 100(°"Tc)
Ultra-High
Resolution
Medium Energy|  3.02 40.6 5.6 12.1 19.7 | 288 ("Ga)
High Energy 4.32 62.8 6.6 13.8 220 | 176 (%)
Ultra-High 34 75.0 6.0 10.4 200 | 60 C°F) |
Energy

** Siemens Orbiter Gamma Camera System with intrinsic resolution of 3.9 mm FWHM

Gamma Camera Performance &
Quality Control

" Resolution

! Uniformity

! Linearity

" Evaluated:
a8 Intrinsically - Specificto Crystal and PMT s
08 Extrinsically - Includesthe Collimator

Spatial Resolution Phantoms

=l ~-

Orthogonal i == Four-
Hole |=———=  Quadrant

Intrinsic Spatial Resolution
M easurement with 4-Quad. Bar

Phantom
4-Quadrant bar smTc Point So
¢ Point Source
phantom replacesthe ( 800 uCi)

collimator The
imageis the shadow
of the lead bar s on the|
crystal.

4-Quad Phantom

Extrinsic Spatial Resolution
M easurement with 4-Quad Bar Pattern

Point Sour ces

Planar Flood Source
(10 mCi #mTc or 57Co)

T CUadrant Bar
“~ Phantom
Gamma
Camera Collimator

Isotopein 0.1 - 0.2 ml in hub of
syringeor in end of the needle cap.

Requires exchange of needle.

Do not mishandle and fracture
source.




Planar Flood Sources

9mTc Flood Source (water
filled) Ty, 6hrs,; 140 keV
8g 10-15 mCi at time of
filling.

57Co Flood Source Ty,
270 days; 122 keVog 10-15
mCi at time of purchase.

M easur e Spatial Linearity with
PL ES Phantom

Deviation from
straight line of
lessthan 1.0 mm
for UFOV.

Images of PLES (paralld line equal
spacing) phantom with %™ Tc sour ce

Measure Linearity with 4-
Quadrant Bar Phantom

Note wavey/curve-
linear appear ance of
lead bar s throughout
theimage.

Measuring Intrinsic Uniformity

Gamma

Camera

No Collimator

5UFOV Diameter

distance
Point Source Statistical Variation:
400-800 uCi " 3Mcts. ~ 1600 ct/cr? (+ 2.5%)
" 15Mcts. ~ 4800 ct/cn? (+ 1.4%)

M easuring Extrinsic Unifor mity

Planar Source
10-15 mCi of
STCoor ©¥mTc

Integral Uniformity (1U) Index

Integral Unifor mity (1U)
(4000 cts/cn? with 9-pt.
smoothing in 6 mm pixels)

Max. Pixel - Min. Pixel
Max. Pixel + Min. Pixel

X 100%

" Range of sensitivity
variationsover the
UFOV or CFOV

" |U of 2-3% expected




Differential Uniformity Index

Differential Unifor mity (DU) OFov

' Maximum rate of
changein sensitivity
across the UFOV or
CFOV

" DUof15 2.0%
expected.

Nor - Uniformity from
PMT Drift

()
QOW
Q)

PMT voltage drift causes peak shift and
differencein sensitivity.

Uniformity Dependent on
Energy Window Centering

Energy Dependence of Uniformity

9MT e 2017

Uniformity is best for single energy isotopes, like
9mTc, 13| 57Co, or 13!, Variesby vendor.

Non-Uniformity at High Count Rates

High count rates also leads to loss of resolution and linearity

Non-Uniformity From a
Second Source

Gamma
Camera

A second #MTc sourcein theroom or in the hot lab next door.

Susceptible artifact when acquiring intrinsic floods.

2.1



Non-Uniformity from
Cracked/Broken Crystal

Non-Uniformity from
Collimator Structure Artifacts

Crystal may cracked:

" from mechanical shock
during collimator
exchange.

" by thermal shock where
the crystal temperature
changes by more than
10 deg./hour .

Irregular Lead Foil
Construction

Large Diameter Holes

Non-Uniformity from
Collimator Damage

Crushed Lead Septa Lead Foil Separation

Inter-Relationship of Uniformity,
Resolution, and Linearity

Resolution

- / Loss

Linearity

Non-Unifor mity / Loss

Sequential |mprovement in Image
Quality with added Corrections

No corrections First - Energy Correction

Second - Linearity Correction Third - Unifor mity Correction

Uniformity Correction Matrix

High Count Flood Image Flood Correction Matrix

105high 0.95 multiplier
correction factor

" Applied during or following image acquisition
" Needsten (10) times the counts of a routine flood imageto reduce

' May beacquired intrinsically or extrinsically.

counting statistic variationsto < + 1%.




Uniformity Correction mprovements

IU=4.2% IU=25%

Flood image
after correction

Raw flood imagé

Unifor mity correction routinely applied to all gamma camera
images. Correction improves |U and truncates edge packing
artifact.

Requires 10 times counts used for daily floods.

Unifor mity Correction isa
Calibration

" Intrinsic calibration requires

Precise point sour ce background and
scatter free

Correct count rate

" Extringc calibration
Planar flood source
Required for each collimator
Includesintrinsic calibration

Uniformity Correction
May Mask Underlying Problems!

Detector withintrinSc  pamaged collimator
linearity problems with crushed lead septa

Can thisbe used?

Fractured Point Source?

Isotopein 0.1 - 0.2 ml in hub of
syringeor in end of the needle cap.

Requires exchange of needle.

Do not mishandle and fracture
source.

Quality Control Practices

. Peak daily for 57Co, 9mTc, & other isotopes to be used that day.
. Uniformity - Flood images of 5-15 million counts each day of use,

beforeimaging begins.

a) Extrinsic flood imageispreferred and tests heavily used
collimators.

b) Intrinsic flood imageto test detector only, especially at the
periphery of the FOV. Acquired at least one per week.

. Resolution - Intrinsic (preferred) or extrinsicimages of 5-10 million

counts of four-quadrant bar phantom once per week.

. Linearity - Intrinsic (preferred) or extrinsicimages of 5-10 million

countswith PLES or four-quadrant bar phantom once per week.

. Uniformity Correction Matrix Flood images of 100 Mctsor more

once per month for each isotope used (vendor dependent).




Quantitate Daily Floods

High Counts > 10-15 million countsfor large ar ea detectors
Consistent sour ce strength with count rate < 40,000 cps.
Consistent sour ce positioning.

Pre-Assigned Action Levels

I Good o further evaluation needed

Il Marginal repeat flood once; if still marginal next day/week contact Physicist
or supervisor to determine status; a re-ceibration may be necessary.

I1l. Unacceptable repeat flood once; if till unacceptable contact Physicist or
supervisor to determine status; a re-calibration may be necessary

GammaCamera  Intrinsic Uniformity 1U| ExtrinsicUniformity U
inUFOV inUFOV

Vertex

| below3s | below 50

I 35 50 I 50 60

Il “above50 Il above6.0
Fortel I bdow3s I below50

I 35 50 I 50 60

Il above50 Il above6.0
Forell I bdow3s I below50

I 35 50 I 50 60

Il above50 Il above6.0

Irregradless of U, if a single tube isvisible in the flood image, contact Physicist or supervisor to

determinestatus.

NM Accreditation Programs

" ICANL - Thelntersocietal Commission for the
Accr editation of Nuclear M edicine Laboratories

Society of Nuclear Medicine
American Society of Nuclear Cardiology
American College of Nuclear Physicians
Academy of Molecular Imaging
American College of Cardiology

" ACR American College of Radiology

Program Comparison

ICANL

ACR

Inter societal sponsor ship

Solely Radiology based

Accreditation by facility

for up to 13 organ systems, PET, &

therapy

Accreditation by unit per ste

for planar, SPECT, cardiac, & PET

Emphasison casereview
Up to 24 casesreviewed

Emphasis on equipment

Up to 6 cases per unit

Extensive protocol and QA protocol

review

Planar and SPECT Phantoms and
images required

Mandatory site visit

Random site visit

$200 application fee plus $3800 fee for
compr ehensve nuclear medicine& PET

(includes site visit)

$1200 facility fee each for NM & PET
plus $600/module - additional fees for
repeat after deficiency

ICANL Quality Contral Protocols

ESSENTIALSAND STANDARDS FOR NUCLEAR MEDICINE ACCREDITATION

ACR Routine Quality Control Tests




ACR Acceptance Testsand
Annual Survey

ACR Physics Survey

Acceptance tests must be perfor med on systems when they are
installed. At least annually thereafter, the performancetests listed
below must be performed on all units. These testsdo not need to be
asrigorous as acceptance tests but must be a compr ehensive suite of

individual measurementsthat ensur e adequate sensitivity for

detecting detrimental changesin performance.

NEMA and Gamma Camera
Acceptance Test Guides

Sensitivity M easur ement

" NEMA: NEMA Standards Publication NU 1-2001
Per for mance M easur ements of Scintillation
Cameras

" AAPM Report No. 9: Computer Aided Scintillation
Camera Acceptance Testing

" AAPM Report No. 22: Rotating Scintillation
Camera SPECT Acceptance Testing and Quality
Control

~10003rei ®mTc sourcein

dish to measure and " Expect range of
compar e sensitivity sensitivity of each
(cpmbrei) of each detector head and collimator
and collimator combination combination < 5%
~limato " For LEHR
sensitivity ~ 200
cpmBrti

Energy Resolution M easurement

o000

20009 o4ER = 10%

1500(] (14 KeV/140 KeV x100%

10004

14Kev
5000 R
0

o o pmay pes 7

Energy resolution for *mTcis 10% of the 140 keV
photopeak. Acquisition window 20%.

Ga-67 Point-source | mages

Multiple Window Spatial
Registration M easur ement

I mage point sour ces of
Ga-67 or TI-201 with a,
single energy window
at energy peak.
Measure the position
of each image.
Registration of the
point sourcesvs.
energy should beless
than ~1 mm over the
UFOV

o)



High Count Rate M easurement

Rotating Gamma Camera SPECT

o Dead time of ~40rsec - JRSLLLY .,
san measurement no longer S oy
v Ockedt specified. 5 g
S Maximum achievable count EIK—}\ £
in i of - : Y
(0: JP— ratein air of ~250 kcps. En\/l UE
U Use decay method to generate £ \!/ 5
: count rateresponse curve. £ :
R Quri Rte@lcs Observed count ratein air at » <
t 20% lossis~ 100 keps.
0 ) m Eo) STUEEES o M.
Bxpatal Qart Ree(GF5 Note - patient count rates
from 1-15 K cps.
Liver/Spleen SPECT Acquisition Sinogram of Liver/Spleen SPECT
°
[=2}
=
<
=
o
Sinogram has pt
all count datato o
reconstruct a o
singleslice o
One snogram
120 128x128 15 sec/image/head per slice
images 16 min. total acq. Can be used for
2 step & shoot 85,000 cts/image 'C"O‘:tr'gnmm
rotation over 360° 10.88 million cts

FPB vs. Iterative Reconstructions

Iterative Reconstruction

Iterative - OSEM

FBP

Initial Estimate 1lteration 3lterations

5 lterations 12 Iterations 100 Iterations

1(



3-D Reconstruction

| sotropic voxels

SPECT Resolution Based on Collimator
(at 20 cm radius of r otation)

Collimator Hole Hole | FWHM | FWHM | FWHM | Sensitivity
Type Diameter| Length| atOcm | at 10cm| at 20 cm| (CPM &)
(mm) (mm) | (mm)** | (mm)** | (mm)**

Low Energy All 143 236 44 9.1 153 360 (*"Tc)
Purpose
Low Energy dLAlal, 236 42 7.5 123 230 (" Tc)
High Resolution
Low Energy 108 356 42 5.9 86 | 100 ™"Tc)
Ultra-High
Resolution
Medium Energy|  3.02 406 56 121 197 | 288 ('Ga)
High Ener gy 432 62.8 6.6 138 220 | 176 (*'1)
Ultra-High 34 750 6.0 10.4 ~20.0 | 60 (°F)
Energy

** Siemens Orbiter Gamma Camera System with intrinsic resolution of 3.9 mm FWHM

Non-Circular Motion SPECT

" Circular Camera
Rotation with
translation of the
camer a and/or
patient.

" Improves spatial
resolution by moving
collimator/patient
closer.

180 Degree Acquisition Arc for Heart

Heart sitsanterior in
the chest.

Heart not visiblein
posterior projections.

Dual detectorsset at 90
degr ee angle most
efficient.

180 or 360 Degree Acquisition Arc?

Truncation

180 Degree
Acquisition Arc

360 Degree
Acquisition Arc

T

In1 O ©>

[ e e

Portion of theimaging volume High density ring at the edge
of the reconstruction of arc

fallsouts_ldetheg_amma X length proportional to the
camer afield-of-view during a number of views with

portion of the acquisition arc. truncation.




Small
FOV
Camera
& 180¢°
Acq.

How Many I magesto Acquire?

" Typically camera detectorsrotate
through 360 degr ees.

" Stepping angle 09 = 360 deg. / # stops
" Sampling distance (d) at the organ
edge =0d/2

" For good resolution d must be small

which impliessmall g and alarge
number of stops.

L ow Resolution SPECT - 60 images at 6 degr ee steps
High Resolution SPECT - 120 images at 3 degr ee steps

How Many Countsin a SPECT Study?

Total Counts/Study =
[Counts/Image] * [Number of | mages|

Total Counts/Slice =
[Counts/Slice] * [Number of Images]

Thetotal countsin a SPECT study range from
2-8 million counts.

SPECT Low Pass Frequency Filters

o 1
° o8 | Butterworth
R
= Hanning 1/
= 06 7
= 4
© 0.4
=

0.2

0 0.1 0.2 0.3 0.4 05
Frequency (cycles/pixel)

Butterworth Filter Hanning Filter

Bfj=—— L H(f) = Y41 + COSPH/f11)]
1 + (f/ fcutoff)order

Low Pass Filters -Butterworth Filter

No Filter 0.5 cycles/pixel Cufoff 0.4 cycles/pixel Cujoff

0.3 cycles/pixel Cytoff 0.2 cycles/pixel Cytoff 0.1 cycles/pixel Cytoff

No Attenuation Correction

Attenuation
inthe

abdomen \ith Attenuation Correction




Chang Attenuation Correction Method

C=C,en
om linear attenuation t
coefficient in tissue.
Assume uniform tissue 70 )
density (for 140 keV,
0m0.15/cm)

t - depthin mm

t
Body Contour change 180

must be consistent

- 3 Body Contour~”
from slice-to-slice.

Measured Attenuation in Chest

6§ Perform transmission
imaging just like X-ray CT

6§ Line sour ce of 133Gd (T,
242 days, photon energies of 97
& 104 keV) scans acr oss the
cameraFOV at every
camera stop, or multiple
parallel line sour ces acr oss
field-of-view.

6§ Dual | sotope windows
allows for simultaneous
emission and transmission
data.

CToMap

Measured linear attenuation coefficients used instead of uniform
coefficientsin Chang attenuation correction method.

Attenuation map is segmented to fixed attenuation coefficients for
soft tissueto reduce noise.

Blank Scan - Transmission Scanning QC

Blank scan acquired
daily.
' Compared to
mother original
blank scan and
analyzed for changes
by calculating |U.
Source strength is
evaluated by total
countsin theblank
scan acquisition.

Transmission Scan Patient QC

L ook for:

" Insufficient
number of
counts

Banding at edge
from truncation
Banding from
line source
translation
problems

SPECT Quality Control

Gamma camer &
must oper ate at
optimum
perfor mance.
Uniformity is
critical




Bullseye Ring Artifact

Concentric rings of
alternating high and low
count densities appear in
the transaxial images
dueto insufficient
gamma camera

unifor mity.

Serial Ring Artifacts

Uniformity Correction By Computer

High Count Flood Image  Flood Correction Matrix

>

' 30-100 million count flood images, 10 times daily
flood requirements
" Must follow manufacturer recommendations

Center-of-Rotation Error

o
[\

" CORerror is
propagated as
offset during

h —:———E backprojection
' COR study
N acquired monthly
a4

COR Acquisition isa Calibration

Used to correct patient images
Extrinsic calibration for both 180 and 90 degree
detector separations

Must follow manufacturer recommendations
regarding number and placement of sources

Sour ces must have sufficient activity
Completed monthly

Center-of-
Rotation
Artifact

1<



Center-of-Rotation Offset Error

Center-of-rotation errorscauselossin
transaxial image resolution.

Mis-alignment in Dual Detector SPECT

Top detector mis-aligned with bottom detector, leading to
distortion in reconstructed images. Misa-alignment dueto

either error in COR or detector configuration.

Jaszczak SPECT Phantom

Standard:

Cold Rods 16.0,12.7,11.1, 9.5,7.9, 6.4 mm

Cold Spheres  38.0, 31.8, 25.4, 19.1, 15.9, 12.7 mm
Deluxe:

Cold Rods 12.7,11.1,95,7.9, 6.4, 4.8 mm

Cold Spheres 31.8, 25.4,19.1, 15.9, 12.7, 9.5 mm

SPECT Phantom Study

Quarterly acquire
SPECT phantom studies|
with 2-3 time counts
obtained clinically.
Reconstruct at highest
resolution filter.

L ook for bullseye
artifacts. If present, new
intrinsic cor rection flood
needed.

L ook for consist
transaxial resolution. If
resolution loss, acquire
new COR.

ACR SPECT Phantom Submission

" Phantom images scor ed by Nuclear
M edicine physicists for planar &
SPECT uniformity, resolution, and

contrast. Transaxial
SPECT Images
Planar Image Unifor mity Resolution Contrast
(3lices) (12 slices) (2 dlices)

Conclusions

Standard QC proceduresfor gamma camer as
required in accreditation programs.

SPECT uniformity correctionsand COR are
camera calibrations

SPECT demandsstrict QC program
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