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CT Dosimetry - Background

* Current clinical CT dosimetry metrics typically used are CTDI,, and DLP.

* These have substantial limitations, which motivated the development of Size
Specific Dose Estimates (SSDEs) that account for patient size.

* This presentation will describe several key elements related to SSDE including:
(a) Water Equivalent Diameter, as described in AAPM Report 220

(b) SSDE for body originally described in AAPM Report 204 and updated with AAPM
report 220 and

(c) SSDE for head described in AAPM Report 293.

* This presentation will focus on how these metrics were d(_ev_elo[)e_d, how they are
expected to be calculated and how they might be used clinically in the future.
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CT Dosimetry

Learning Objectives

* Review current radiation dose index metrics used in CT
Dosimetry and their limitations

* Explain how the Size Specific Dose Estimates (SSDEs) for Body
and Head overcome some of these limitations and how they
can be used in clinical practice



CTzSpecific definitions

* What is unique about CT?
* Geometry and usage
* Exposure is at multiple points around patient
* Typically thin - ish (2 - 160 mm) beam widths
* Multiple Scans (Series of Scans)
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TOMOGRAPHIC
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CT Dose Distributions

* D(z) = dose profile along z-axis from a single acquisition

* Measure w/film or TLDs
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CT Dose Distributions

* What about Multiple Scans?




CT Dose Distributions

* What about Multiple Scans?
* They can overlap and create higher dose profiles



CT Dose Distributions
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CT Dose Distributions
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CT Dose Distributions




CT Dose Distributions
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CT Dose Distributions
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CT Dose Distributions
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The average dose in central slice is the sum of contributions from all slices to
that small width; if one rearranges the contributions from each slice, they are ,
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just different portions of the single scan dose profile. 5



CT Dose Distributions

To sum their contributions, just take the area under the
curve of that single slice dose profile



(CTDIx defined

* How to get area under single scan dose profile?
* Using a pencilion chamber
* one measurement of an axial scan (no table motion)

* typically made in phantom Q

1° + scatter

lectometer ———— SR




(CTDIY defined

Figure 3 fronBauhs RadioGraphics2008
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(CTDIx defined

« CTDI Represents

Average dose along the z direction

at a given point (x,y) in the scan plane

over the central scan of a series of scans

when the series consists of a large number of scans
separated by the slice thickness (contiguous scanning)
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CTDI Phantoms

* Body (32 cm diam), Head (26 cm diam)
* Holes in center and at 1 cm below surface




CTDl,

e Measurement is made w/100 mm chamber:
* CTDl,oo = @/NT) [, D(2) dz

= (FFC*E*L)/(NT)

f = conversion factor from exposure to dose in air, use 0.87 rad/R
C = calibration factor for electrometer (fypicalelose to this)

E = measured value of exposure in R

L = active length of pencil ion chamber (typical= 100 mm)

N =actuahumber of data channels used during one axial scan
T = nominal slice width of one data channel b
NT = nominal total beam collimation width (e.g. 32 x 0.6 mm) s



CTDl,

* CTDI_,, Measurements are done:
* In Both Head and Body Phantoms
* Using ONLY AXIAL scan techniques
(CTDI = Area under the single scan dose profile)
* Atisocenter and at least one peripheral position in each phantom
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CTD|,

* CTDI,, is a weighted average of center and
peripheral CTDI__, to arrive at a single descriptor

. CTDIW = (1/3)CTDI1oo,center + (2/3)CTD|100,peripheral



CTDI,, Z accounts for table motion

*Based on CTDI,,

* Hence measured from an axial acquisition;
EVEN THOUGH a pitch value is used.

* Think of this as the pitch that you would have
used if you were performing a helical scan.



CTDl,, - EXAM-related performance

* Exam parameters such af_ thickness, spacing between slices
(axial) or table speed (helical)

ACTD], =CTDJ, *NT/I

* where N= number of data channels used,
T=thickness of each data channel
| = spacing or tablefeed/rotation for helical

Note: NT = total collimated width of beam
Also pitch=I/NT, so

CTDl, = CTDl,/pitch



Dose Length Product (DLP) — defined

* Dose Length Product is:
* CTDl,o* length of scan (in mGy*cm)



CT Dosimetry —CTDI,_,and DLP

ACTD],, and DLP are reported on all scanners
AUsed for Dose Notifications and Dose Alerts {X®
A5 OAA &I O '#2 AAAOAAEOAOEIT | Al



CT Dosimetry: Are CTDI,, and DLP enough?

AWnhat doCTD], and DLP tell us?
AANnd what do they **not** tell us?

ADo they tell us about scanner output? (Yes)

ACan they be used to tell us about CT system performance? (Yes)

ACan they be used for acceptance testing? (Yes) Ongoing QC? (Yes)
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CT Dosimetry: Are C
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DI, and DLP enough?

CT Dose Index and Patient Dose
They Are Notthe Same Thing'

) as 2y
diation output from a

of multiple nt longitudi

McCollough et al, Radiology, 2011

¢ 72)
ams of up to 16 em
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the radiation output of a CT systen8 0

AN
fﬁﬂ“\



CT Dosimetry: Are CTDI,, and DLP enough?

ACan '&hey‘tell us ahout the effects of Patient Size? LikdEnisPatients?
i xAl'l 8EEI A | A8 (Q

AIf a_ scanner is adjusting for patient size, we can see |G¥&®],, values for smaller
patients and highe€TD], values for larger patients.

* However, we found that different scanner manufacturers were using different
schemes for reporting CTDI, ., values:

* One manufacturer reports CTDI,, for 32 cm for all body scans regardless of patient size
(even for pediatrics and neonatess

* Another manufacturer reports CTDI, ., for 16 cm phantom for small body sizes and used
32 cm phantom for larger body sizes (Depends on Scan Field of View).

* So if a peds patient underwent a scan on a CT from manufacturer A for one scan
and then had a scan on a CT from manufacturer B, it could be difficult to compare
relative dose levels.
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Size Specific Dose Estimates (SSDE) from
AAPM Report 204

AAPM Report No. 204
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Dianna D.
M.D. on Cancer Center, Houston

Size-Specific Dose Estimates (SSDE) in Pediatric e . e Colovens
and Adult Body CT Examinations

Mayo Clinic, Rochester

M el F. McNitt-Gray+*
The University af California, Los Ang
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International Commission on Radiation Units and Measurements (ICRU)
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in Pediatric Imaging Marilyn J. Goske, M.D.
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image Duke University, Durham

q W genﬂY" *American Association of Physic in Medicine (AAPM)
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https://www.aapm.org/pubs/reports/rpt_204.pdf

Size Specific Dose Estimates (SSDE) from
AAPM Report 204

"The dose received by a patient from a CT scan is dependent on both the patient
zieand scanner radiation outputCTD|, provides information regardingnly the
scanner output

"This task group was chargf_ed with developing conversion factors that can be
applied to the displayed CTDI, ., dose index to allow practitioners to be able to
estimate patient dose. These?actors take into account patient size, and hence _
are especially I mportant for pediatr.

(BTW, “...Other differences between the current scanner radiation output indictes
and patient dose estimes due to the use of “short” phantoms ...are not addressed
by this task group”...in other words, this does not address issues of “approach to

I/

equilibrium”or TG 112 or TG 200 related issues).

https:/Aww.aapm.org/pubs/reports/rpt_ 204.pdf EOS6 O AOAAAA G



https://www.aapm.org/pubs/reports/rpt_204.pdf

Size Specific Dose Estimates (SSDE) from
AAPM Report 204

* Methodology
* 2 Groups did measurements on various sized phantoms
* 2 Groups performed simulations

 John Boone overlaid the results (Amazing consistency!)

https:/Aww.aapm.org/pubs/reports/rpt_ 204.pdf EOS6 O AOAAAA G



https://www.aapm.org/pubs/reports/rpt_204.pdf

Size Specific Dose Estimates (SSDE) from
AAPM Report 204

* Our group’s contribution (Adam Turner’s paper)
* Organ Dose normalized by CTDI,, vs. Patient Size (we used perimeter)

Figure 2 from Turner et al, Medical Physics, 38(2), 2011.



Size Specific Dose Estimates (SSDE) from
AAPM Report 204

Size Metric for Report 204 - Effective Diameter (AP and Lateral dimensions)

Definitions: Size related parameters

Figure 2. The anterior posterior (AP)
: 3 g circle of equal area

and lateral dimension, along with

effective diameter are illustrated in /,—\

this figure. The lateral dimension

can be determined from a PA or AP

CT radiograph, and the AP dimension

can be determined by a lateral CT

radiograph. The effective diameter

corresponds to a circle having an

area equal to that of the patient’s

cross section on a CT image. Some

investigators have also used patient

perimeter (circumference) as a

metric of patient size. lateral

<«— effective diameter

Figure 2 of AAPM Report 204 (page 3)

https:/Aww.aapm.org/pubs/reports/rpt_ 204.pdf EOS6 O AOAAAA G


https://www.aapm.org/pubs/reports/rpt_204.pdf

Size Specific Dose Estimates (SSDE) from
AAPM Report 204

« “f” factors
* Normalized Dose Coefficient vs. patient size (effective diameter)
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Size Specific Dose Estimates (SSDE) from
AAPM Report 204

* Calculating SSDE

« SSDE = f32% x CTDI3? equation 8a
for 32 cm diameter CTDI phantom
* SSDE = f15% x CTDILS, equation 8b
for 26 cm diameter CTDI phantom

In each case, the superscript X refers to the S (sum of Lat+AP), L(Lat only), A (AP only) and D (effective
diameter) and identifies which Table is to be used for conversion factors
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Size Specific Dose Estimates (SSDE) from

AAPM Report 204

Table 1A Table 18 Table 1C
[Cat+ AP T Effective [ Conversion | [_AP T Effective [ Cenversion |
|_im (cm) | | Factor |

oan s
8 8.2 265
I 2 o
0 0z | 26
T 1 .
iz T 443 1 245 |
[
e

e

093
091
088

Hgﬁ H
g%
0

384
434 44 366 | 037
S0 T —sa T o | e T 408 T a5 |

Table 1D

Effect Conversior
Dia (cm) Factor
2.7
2
257

N !
~
R &l £l

c‘nHa
9%8

nofmofns!
B[RS
ISl
a2

EHQH
Hﬁl

N
B

e
812
=

114
10

it
Bl
3

olo
olo
ke

Table 1 (A, B, C, D) for 32 cm phantom

Table 2A Table 28 Table 2C Table 20

AP | Effective |
ol Dia (cm)
s 58

Table 2 (A,B,C,D) for 16 cm phantom

fg[]‘\



Size Specific Dose Estimates (SSDE) from
AAPM Report 204

* Appendix A (formulae to represent data in figures and tables)

« y=axe % (x=patient size) equation A-1

Figure Number
4 | eff.Diameter (cm) 3.704369 0.03671937

| 5 | EffDiameter(cm) 0.04331124
| 6 [ Eff Diameter (cm) 1.874799 -
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Size Specific Dose Estimates (SSDE) from
AAPM Report 204

*Summary of AAPM Report 204 in one line:

SSDE = (ax e ~P*)x CTDI,,

* Scanner reports CTDIvol
* aand b are known (depends on phantom)
e Estimate patient size



Patient Size (v2) — Water Equivalent Diameter

AAPM REPORT NO. 220

Use of Water Equivalent Diameter for

Calculating Patient Size and Size-Specific
Dose Estimates (SSDE) in CT

The Report of AAPM Task Group 220

September 2014

https://www.aapm.org/pubs/reports/rpt_220.pdfE Grée®) 7

Use of Water Equivalent Diameter for Calculating Patient Size
and Size-Specific Dose Estimates (SSDE) in CT

The Report of AAPM Task Group 220

Cynthia McCollough, Ph.D., FAAPM, C hairpersc-nl. Donovan M. Bakalyar, Ph.D2.
Maryam Bostani, Ph.D.%, Samuel Brady, Ph.D.*, Kristen Boedeker, Ph.D.3,
John M. Boone, Ph.D., FAAPM®, H. Heather Chen-Mayer. Ph.D.’,

Olav 1. Christianson, Ph Shuai Leng, Ph.D. ]. Baojun Li, Ph. '}!
Michael F. McNitt-Gray, Ph.D., FAAPM®, Roy A. Nilsen, B.S.'0,

Mark P. Supanich, Ph.D.!!, and Jia Wang, Ph.D.!2
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https://www.aapm.org/pubs/reports/rpt_220.pdf

Water Equivalent Diameter - Motivation

* For the task of calculating SSDE, geometric size was used as a
surrogate for a patient’s x-ray attenuation.

* However, x-ray attenuation is the fundamental physical parameter
affecting the absorption of x-rays and is thus more relevant than
geometric patient size in determining patient dose.

* For example, the thorax and abdomen could have the same
external physical dimensions, but have different composition and
hence different attenuation (and absorption) properties.




Water Equivalent Diameter - Motivation

Diameter
= Sy s

Circle of equal area

* So, this thorax and abdomen have approximately the same area
and effective diameter

* But they have different attenuation properties (due to air in lung)

https://www.aapm.org/pubs/reports/rpt_220.pdfE Gréed) o:



https://www.aapm.org/pubs/reports/rpt_220.pdf

Water Equivalent Diameter - Motivation

* The charge of AAPM Task Group 220 was to develop a ...metric for
automaticallyestimating patient sizen CT that would account for patient
attenuationand allowroutine determinationof SSDE for all patients, with
little or no uselintervention.

* TG had a specific goal of developing a practical, standardized approach to
estimating patient size that could be implemented by CT scanner
manufacturers and others using CT localizer radiographaxialCT images
or other data derived from the scanning process (e.g., projection datg.



Water Equivalent Diameter - Motivation

* While CT operators can measure a patient’s AP or lateral width, they
currently have no practical way to measure attenuation. Both a CT
localizer radiograph and CT projection data are measurements of the
integrated x-ray attenuation along a ray path, and aCT imageis a

cross-sectional map of the linear attenuation coefficients of the
materials in the image.

* Therefore, the CT localizer radiograph, the CT projection data, and
the CT image all contain information that can be used to estimate
patient attenuation.

https://www.aapm.org/pubs/reports/rpt_220.pdfE GréeD)


https://www.aapm.org/pubs/reports/rpt_220.pdf

Water Equivalent Diameter

* Water Equivalent Diameter (Dw)

* Express the x-ray attenuation of a patient in terms of a water cylinder
having the same x-ray absorption.

* The area and diameter of such a cylinder of water are referred to as
the water equivalent area (Aw) and water equivalent diameter (Dw),
respectively.

* This can be done:
 From CT image data (after scan is performed)

* From CT localizer radiograph (scout, topogram, planning scan) — after
localizer is performed, but before CT scan is performed.

https://www.aapm.org/pubs/reports/rpt_220.pdfE Gréed)



https://www.aapm.org/pubs/reports/rpt_220.pdf

Water Equivalent Diameter (D,,) From CT image

1 :
* Ay = (m CT (%, ¥ )ro1 *Arol) + Ago Equation 3d (Page 8)

* Where CT (x,y)ro; = the mean CT number in the ROI (Region of Interest) and
Ago,is the total Area of that ROI (which encompasses the body).

,AW 1 A .
D, =2 == Z\Hm CT(x,¥)ror + 1] ROl Equation 4b (Page 8)

T

(Dw)

(Dw)



Water Equivalent Diameter (D,,) From CT Localizer
Radiograph (Scout, Topogram, Pilot)

cA,=2L,*S Equation 6 (Page 9)

* Where L = the water equivalent length and S = detector spacing at isocenter and
the sum is taken over a horizontal line of a CT localizer radiograph

* Note: Siemens estimates the (water equivalent) attenuation for both AP
and Lat directions and stores it in a private field w/in DICOM header of
topogram.

* From McMillan et al, Medical Physics, 2017

100 200 300
Table position (mm)

Figure 1.
AP and LAT water-equivalent estimates of patient size extracted from the DICOM header of

a topogram.




Use of Water Equivalent Diameter for
Calculating Patient Size and SSDE in CT
AAPM Report 220

*Summary of AAPM Report 220:
*Water Equivalent Diameter accounts for patient attenuation in patient size metric
*Can be estimated from either CT Image Data or CT localizer radiograph
*Can be used to estimate SSDE

*"No additional corrections are required when substituting D,, for effective diameter” from
AAPM report 204.

*Can use the same equations and figures shown previously
SSDE = (ax e ?*)xCTDI,,

* Scanner reports CTDIvol
* aand b are known (depends on phantom)
* Patient size (x) uses D,
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Size Specific Dose Estimate (SSDE) for
Head CT - AAPM Report 293

AAPM REPORT NO. 293 . .
Size-Specific Dose

Estimate (SSDE)
eB for Head CT

The Report of AAPM Task Group 293

Size-Specific Dose
Estimate (SSDE)
for Head CT

https://www.aapm.org/pubs/reports/RPT_293.pdE Grée) N
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https://www.aapm.org/pubs/reports/RPT_293.pdf

SSDE for Head - Motivation

* The size-dependent conversion factors provided in Report 204
were developed specifically for CT imaging of the abd/ pel
* although use in thorax was acceptable since the errors were expected to
be below 20%.

* Purpose of Report 293 was to extend the development of SSDE
concepts to the head

* Particular interest was variation of head size and scan length
across age (and specifically for pediatric patients)

* TG sought to develop conversion factors for 1 y/o to adult (though
variation is small after 7 y/o)



SSDE for Head - Motivation

* SSDE represents the absorbed dose to the center section along the z-axis
of a typical clinical CT scan.

* For head scans, the absorbed dose in this thin center section includes
dose from scattered radiation from the tissues above (superior to) and
below (inferior to) the center section.

* Itis recognized that the dose to the center section (along z) of the CT scan
represents a nearmaximum absorbed dos# the tissues within the scan
volume and, consequently, the average absorbed dose to the entire scan
volume will be lower in virtually all cases

* The principal outcome of this report is a set of CTDI,, ,,-to-SSDE
conversion factors for CT examinations of the head as'a function of water-
equivalent diameter (D,,) and will use same form of conversion equation.
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SSDE for Head - Methods

* Similarto TG 204
* 2 groups made measurements

* 2 groups performed Monte Carlo simulations

» Compiled results of Dose in center of scan volume vs. D,
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Figure 5 from page IACT image and

Figure 2 from page g different sized voxelizedpatient model for simulations 4%

tissue equivalent head phantoms



SSDE for Head - Results
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Report 293 SSDE for Head - Summary

SSDE for Head that is consistent with SSDE for Body (but different coefficients)

SSDE = (ax e ?*)x CTDI,,

*Scanner reported CTDI,
*a and b are known (for head, limited to 16 cm phantom)
*Patient size (x) uses D,

Even for the same Dw, the spatial distribution of absorbed dose deposition to the brain is
considerably different than the absorbed dose deposition to the body

Primarily due to the fact that the head is encased in a shell of relatively dense bone.

Comparing the f 16 conversion factors between the body (AAPM Report 204, f B16) and those of
the head (this report, fH16), it is seen

* the shapes of the curves are quite similar

* SSDE conversion factors for head CT are consistently lower

* likely due to the attenuation of the skull and the more aggressive beam shaping (i.e., bow tie) filters used in
head CT scans
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Where is SSDE today?

* Calculated on ACR Phantom Submissions (Just Abdomen for now)
* Automatically from CTDIvol values
* Assumes a patient size for adult and peds (5 y/o)

* Some Dose Management software systems report this
* Though not always clear how this is done

* Thereis an IEC Standard (PT 62985 Ed.1.0) that has been approved
(“published”)

* Hope is that manufacturers will include reporting SSDE in future software
releases (DICOM RDSR?)

* ACR DIR also calculates SSDE but only for body



Clinical Use of SSDE

* SSDE overcomes some of the limitations of CTDI,, by accounting for patient size

vol
* Provides an estimate of patient dose (not organ dose and not risk)
* Eventually may be able to replace (supplement?) metrics of scanner output.

* Soon captured by scanner; May eventually be displayed on scanner (not a current
requirement), but at least available in RDSR

* ACR DIR already includes an estimate of SSDE

* Future investigations — can SSDE be used as an estimate of radiation dose to
organs? If so, where? (and where not?) Will this be a better input to risk models
than CTDI,, and DLP?

fm]‘\



Summary

A AAPM Report 204 Introduced the concept of SSDE
A For body scanning
A UsedO % £EAEQE BDOA OO
A AAPM report 220 introduced the concept of Water Equivalent Diameig) (

A Patient size metric that accounts for attenuation and not just morphology
A Could be used in calculations developed in Report 204

A AAPM Report 293 extended these concepts to Head CT scans
A UsedD,, as size metric
A Coefficients are slightly different from those in 204
A Combination of attenuation environment (bony skull) and bowtie filters tailored towards head

A Together, these provide a comprehensive methodology to estimate SSDE
A For Head, Chest and Body
A Using a standardized methodology that can be implemented automatically and widely

A |EC Standard for manufacturers to implement
A Inclusion in ACR DIR; other uses in future?
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Thank you!



