ExtravDose Discussions

utilizing VARSKIN+ (V+) Version 2.0, software release: April 1, 2025

Roland Benke, PhD, CHP

Director — Technologies Division
roland.benke@rcdsoftware.com

V+ software is available from U.S. NRC https://ramp.nrc-gateway.gov/



>RCD

Disclaimer

This presentation is an independent product of RCD and does not communicate

the views or positions of the U.S. Nuclear Regulatory Commission (NRC).

V+ software is available from U.S. NRC https://ramp.nrc-gateway.gov/



Training Progression for ExtravDose }}RCD

Training on theory covers multiphysics mathematical

models for fluid flow, activity concentrations, and dosimetry

Beginner training emphasizes Basic calculation

Intermediate training includes Advanced calculation features

<«— You are here.

V+ software is available from U.S. NRC https://ramp.nrc-gateway.gov/



Interactive discussion I;RCD

1. Open feedback
2. Early adopter questions

3. Open feedback

4. ROI clearance half-time

5. Feedback on using

effective half-life

6. How to detect errors

7. Open feedback

V+ software is available from U.S. NRC https://ramp.nrc-gateway.gov/
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Open feedback

V+ software is available from U.S. NRC https://[ramp.nrc-gateway.gov/
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Early Adopter Questions

‘“.“,w““'.A ‘4\‘_:."
V+ software is available from U.S. NRC https://ramp.nrc-gateway.gov/
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Open feedback

V+ software is available from U.S. NRC https://[ramp.nrc-gateway.gov/
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ROI Clearance Half-time Examples

‘“.“,w““'.A ‘4\‘_:."
V+ software is available from U.S. NRC https://ramp.nrc-gateway.gov/
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ROI Clearance Half-times: Lateral Transmissivity = 3 cm2/h V)RCD

16 cm x 16 cm ROl 12cm x 12 cm ROI
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V+ software is available from U.S. NRC https://ramp.nrc-gateway.gov/
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ROI Clearance Half-times: Lateral Transmissivity = 2 cm2/h V)RCD

16 cm x 16 cm ROI 12cm x 12 cm ROI
Extravasated Fluid Volume (mL) Extravasated Fluid Volume (mL)
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V+ software is available from U.S. NRC https://ramp.nrc-gateway.gov/




ROI Clearance Half-times: Lateral Transmissivity =1 cm2/h V)RCD

16 cm x 16 cm ROI 12cm x 12 cm ROI
Extravasated Fluid Volume (mL) Extravasated Fluid Volume (mL)
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Two Longer ROI Clearance Half-times: 12 cm x 12 cm ROI

Lateral Transmissivity = 0.3 cm?/h

Extravasated Fluid Volume (mL)

>RCD

Lateral Transmissivity = 0.1 cm?/h

Extravasated Fluid Volume (mL)
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V+ software is available from U.S. NRC

12
.Hﬂm P,-

https://ramp.nrc-gateway.gov/



User Feedback on Effective Half-life

for Calculating Extravasation Dose

= Shows how to model effective half-life b

V+ software is available from U.S. NRC r:-'i“m",

https://[ramp.nrc-gateway.gov/
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Clearance defined for Max Voxels & surrounding Tissue RO VXRCD

Half-life relationships
. 18
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02 T, effective half-life [min]
_ 0o T, radiological half-life [min]
4 7 6 s544 3 2 1 0 1 2 3 4 5 8 T 8 T, biological clearance half-time [min]
(=- Heart) Longitudinal Position (cm)
Tissue ROI
Assumption: Dose rate to Max Voxels or Tissue ROl over time is approximated by single exponential with different reduction rates.

.v'“"‘w.A N
V+ software is available from U.S. NRC https://ramp.nrc-gateway.gov/ 14



Outputs needed for Tissue ROI clearance & Max Voxels clearance

Tissue ROI

Utilizes two outputs

- Dose Rate to ROI [Gy/s] at End Time
for Extravasation Event

ser to export .csv file of Absorbed Dose Rates af

- Dose to ROI [Gy]

In 2
60 —>—

min

Drof

Effective half-life = .
Dror

Example simulation result for 68Ga

ed Extravasation Results

||} Playback Speed

Save Report Ctrl+R

- X

BRCD

Export (.csv) Cirl+S
Export () Cirl+V
Save Image (.png) Cirl+P
TITETTE (T TOursy
0 4 8 12 16 20

() Accumulated Dose [Gy] () Activity Concentration [MBg/crn™

®) Absorbed Dose Rate [Gy/sed]
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Extravasated Activity:

Time Controls

| Previous | | Play | [ MNext Time (min):

Reset

1.00

In 2

60 —=>—
min

0.0918 Gy
0.0000196 Gy s~1

Extravasated Volume:

Maximurm Voxel Dose:

Maximum Voxel Dose Rate:

Time to Maximum Voxel Dose Rate:
ROl Exceeding Threshold (2.0 Gy):
Dose to ROL:

2.00e+02 MBg

1.00e-01  mL
1.87e+00 Gy
6.65e-04 Gylsec
1.00 min
0.00 %
9.18e-02 Gy

>RCD

Max Voxels

Effective half-life

In 2
60 —>_
min

In 2
60 —>_
min

32.5 min

D max_voxels

D max_voxels

1.87 Gy
0.000665 Gy s~ 1

G Max Voxels simulation outputs
G {1 effective half-life calculation

= 54.1 min

V+ software is available from U.S. NRC https://ramp.nrc-gateway.gov/
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Clearance from effective half-lives for Tissue ROI & Max Voxels VXRCD

Assumption: Dose rate to Max Voxels or Tissue ROl over time is approximated by single exponential with different reduction rates.

Tissue ROI Max Voxels

Clearance half-time Clearance half-time

_ (67.7)-(54.1)
b ™ (67.7-54.1)

_ (67.7)-(32.5)

= = 62.5 min
(67.7—32.5)

= 269 min T,

V+ software is available from U.S. NRC https://ramp.nrc-gateway.gov/ 16



Modeling Fluid Clearance Rate with 07/

Clearance Rates determined for Max Voxels & Surrounding Tissue ROI

—

- ® . . = = g, = <
usivity In SPECIAL USE CASE

ed Extravasation Dosimetry v1
. File Mode Help
Select long-lived o
14 W+ Extravasation Dosimetry v1.0 KRCD
o o .
radionuclide (e.g., 1*C) | €& moDEL INPUTS /o
to ensure negligible Source and Concentration Inputs
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Tissue Model: ® Homogeneous O Heterogeneous Dose Notification Threshold: _ 2.000 |Gy |
Number of Layers: . RegionWidth:  8.000  [ecm v
.. Simulated clearance || tavert — RegionLength: _ 16000 (em 1)
fl Effective Tissue Thickness: ~ 8.000 mm v Vertical Transmissivity: ~ 0.002 lem?h (¥
represents ow and Lateral Transmissivity: ~ 0.002 cwh v Fluid Diffusivity: _ 2.000  |em?h x
A . Voxel Side Length: ~ 8.000  [mm I
biological losses. g _ 8000 mm 1
rDiagram
ed Extravasation Timeline = a X . .
V+ Extravasation Dosimetry v1.0 b"‘LRCD g }fy%df:::;
& EVENT INPUTS /= 1 ,
# i Event | Day | StatTime | EndTime | Duration(hr)| Add/Delete Events —Ej'nm_.in
1 Extravasation 1 12.00AM  12:01AM 0.02 n < =
Analysis Period 1 12:00AM  04:00AM 40.00 MJ e e
Edit Selected Event (#2) i }:ﬂ?g"i;’;is
Type:  Analysis Period “nof to scale
Day
Start Time: 12001 (AMIY 10 | Timeline || Calculate || Resuls | .“
EndTime: 04:00 [PM v] 2
Duration:  40.00 Hours
Elevation: Degrees
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| | | | | | thick for thi [
0 8 16 24 32 40

>RCD

Minimize Flow Rate, Extrav. Duration, & Transmissivities
in order to control fluid clearance rate by 0 7us

ed Extravasation Results - X

}>RCD
Timeline (Hours)

T

File Playback Speed

V+ Extravasation Dosimetry v1.0

ww: RESULTS

0 8 16 24 32 40
@ Accumulated Dose [Gy] () Activity Concentration [MBg/icm®] () Absorbed Dose Rate [Gy/sec]
3 E3
s 2
5 E
3 =
o @
o o
= g
Jat} w
= g
. @
=
s 7 6 -5 -4 -3 -2 -1 0 1 2 3 4 5 8 7 ]
(=- Heart) Longitudinal Position (cm)
Extravasated Activity:  1.00e+02  MBq
Time Controls Extravasated Volume:  1.00e-01 mL
l T— J l Play J l Next J Time (min); Maximum Voxel Dose:  471e-01 Gy
W Maximum Voxel Dose Rate:  351e-04  Gylsec
| Reset | Time to Maximum Voxel Dose Rate: 1.00 min
RO Exceeding Threshold (2.0 Gy): 0.00 %%
Doseto ROl 7.05e-02 Gy

V+ software is available from U.S. NRC https://ramp.nrc-gateway.gov/



Input Warnings Received

(£ Input Validation - Extravasation Dosimetry

¥ Lateral Transmissivity 1
= WARNING: Input out of bounds.
Valid Range: 1.00e-02 - 1.00e+02 cm?h
Entered Value: 0.002 cm#h
¥ Fluid Diffusivity
= WARNING: Input out of bounds.
Valid Range: 1.00e-06 - 1.00e+00 cm?h
Entered Value: 2.0 cmih

“e Warmnings exist. Calculation will proceed.
RESULTS MAY BE UNRELIABLE.

Warnings highlight

J
—J =

parameter val
proceeds to compute and

continue with this SPECIA

Ue Selections
Zl= =

>RCD

Y
V+ software is available from U.S. NRC https://ramp.nrc-gateway.gov/
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Calculate Clearance Half-time for Small Diffusivity = 0.05 cm?4/h b‘.}RCD

Outputs
Max Voxel Dose: 3.65e+0@ Gy . . . .
Max Voxel Dose Rate: |_3.5le-04 Gy/s \/Approprlate ROI: Boundary effects are minimized when max voxel dose
Time to Max Voxel Dose Rate: 1.8 min
ROI Exceeding Dose Threshold: 2.8 % Y . . .
Do o ROL.  1.66e.01 = doesn’t increase from increases in ROl width or length
Region Volume: 182.4 cm?

"""""""""""""""""""""""""""""""""""""""""""""""""" \/Appropriate simulation time: Clear plateau in Accumulated Dose to RO

Plot(s)
Accumulated Dose (Gy)
1.7e-01+ R R R R R KRR R R R R R R R R R R OR R R R R .
| Honk . D max_voxel
! Effective clearance rate A =
1.2e—aiT e max_voxel
| o Diffusivity = 0.05 cm?/h
D | *
o 8.3e-02+ =
5 I i”
- Clearance half-time from max voxels = In 2 Dimax voxel = In 2 365 Gy =2.00h
4.2e-02+ = _ S . — S 1] — 4
- 3600 2 ) \ D nax voxel 3600/ \0.000351 Gy s
| £
|
8.0e+80+*
00000 4.50r02  9.00:02  1.4exdd  1.8ese3  2.4es03

Time (min)

V+ software is available from U.S. NRC https://ramp.nrc-gateway.gov/
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Clearance Half-times for Diffusivities: 0.1 and 0.2 cm?/h ‘.}RCD

Outputs Outputs
8 R D R I 0 R I 0 R D 0 R 0 R D 0 R 0 R 0 R 0 R e R 0 R e R e 0 R e 0 R e R 80 T8 A0 S D80 B 0 0 780 0 0 D8 G 0 780 0BT 0 D8 DB D0 280 D8 60 280 DRC 0 D0 D80 60 0 280 0BT D0 D80 JBC 60 80 D80 B0 D0 DB G 280 20 D80 D0 J8C DRC D0 280 DB 0 280 780 D0 D0 D8 BC 0 280 0BT 0 D8 D8 D0 20 D8 60 D80 DRC 0 D0 28 60 280 28 0BT 080 280 R
Max Voxel Dose: 2.942400 Qy Max Voxel Dose: 2.17e+08 Gy
Max Voxel Dose Rate: 3.51e-04 Qy/s Max Voxel Dose Rate: 3.51e-84 Gy/s
Time to Max Voxel Dose Rate: 1.0 min Time to Max Voxel Dose Rate: 1.8 min
ROI Exceeding Dose Threshold: 2.0 % ROI Exceeding Dose Threshold: 2.8 %
Dose to ROIL: 1.63e-81 Gy Dose to ROI: 1.56e-01 Gy
Region Volume: l82.4 cm? Region Volume: 182.4 cm?
Plot(s) Plot(s)
Accumulated Dose (GQy) Accumulated Dose (Gy)
1.69_81+ 28 0 8 0 Rl 2R D8 6 B 0Bl DR B D8 826 0 0l DR R e R 8 D8 8 6 B R R R R o8 8 R 1.69_31_'_ G D 0B IR RO DR DR DG D DR DR D0 R D0 D DRG0 DA 0D 00 DR D IR R D6 D0 0 D I RO DR 0B R R
I WA I R
I a2 e I L
| L2 ] | S
1.2e-81+ wE 1.2e-81+ e
| - e e 5 | =
| - Diffusivity = 0.1 cm?/h I - Diffusivity = 0.2 cm?/h
* | L
D | = D | *
o B8.2e-02+ = . o 7.8e-82+ =
; | Clearance half-time = 1.61 h s | Clearance half-time = 1.19 h
e e
| * |
- In 2 2.94 Gy - In 2 217 Gy
4.1e-82+  * S -1 3.9e-02+ = S —1
| 3600 7/10.000351 Gy s | 3600/ \0.000351 Gy s
= | "
| - | -
| |
0.0e+00+* 8.8e+00+*
oo oo ooo o= e e L PoooooooosSo0 PosoDoDoooooD e i + +H------------ +------------ +------------ Fo-mmmmm e +----mmmmm +
8.8e+80 4.5%e+82 9.8e+82 1.4e+83 1.8e+83  2.4e+83 0.0e+00 4.5e+82 9.0e+02 1.4e+83 1.8e+83  2.4e+83

Time (min)

Time (min)

V+ software is available from U.S. NRC
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Clearance Half-times for Diffusivities: 0.5 and 1.0 cm?/h

S8 86 80 00 60 0B 080 B i 8 R0 00 R0 SR R 0 00 o R0 R0 00 00 0 8 00 0 0 00 0 00 080 0008 0 8 0 0 00 i 080 0 0 0 00 e 8 o 0t e 0 R 0 R R RO RO

Outputs
SR DR R 0 R TR R0 0 0 DA R R 0 R R R 0 DR R R 0 R T W 0 R0 R W e R T 0 0D R 0 e R T 0 R 0 R R R R R
Max Voxel Dose: 1.38e+86 Gy
Max Voxel Dose Rate: 3.51e-84 GQy/s
Time to Max Voxel Dose Rate: 1.8 min
ROI Exceeding Dose Threshold: e.8 4
Dose to ROI: 1.33e-01 Qv
Region Volume: 182.4 cm?
Plot(s)
Accumulated Dose (Gy)
1_39_Bl+ DR RC DR RC D RC D RC DG RC D RC D RC D R D RC DG RC DG RC D R DG RC DG RC DG R DG R D R DG R UG R R DR R DRC R DR R DR R
I EE g
| ]
| *
1.8e-81+ "
| . e
| . Diffusivity = 0.5 cm?/h
=
D | *
o b6.6e-82+ =
s I Clearance half-time = 0.71 h
=
=
- In 2 1.30 Gy
3.3e-82+ S _
| = 36005/ \0.000351 Gy s 1
|
| *
I
8. 0e+80+*
B e T dommm e e T Fommmm e +
8.0e+80 4.5e+82 9.0e+82 1.4e+83 1.8e+83 2.4e+83

Time (min)

{
o8 vl 2 o o o ol R 2 o ol o ol SR e ol ol o 2 B ol R o ol o8 ol R o e o ol 8 o ol o ol SR o ol e o R e ol ol o ol R o R e o ol R R o ol ol ol R o ol e o R R ok
Outputs
o8 vl i o o o o R 28 o ol e ol o8 o R ol o 28 o ol R o ol o ol R o o e o R 8 o ol o ol R o e e o R ol R R o ol ol ol e o ol e o R 8 ol e e R o o e e o o ol R e o ol ol R R ol ol ok
Max Voxel Dose: 8.86e-01 Qv
Max Voxel Dose Rate: 3.51e-04 Qy/s
Time to Max Voxel Dose Rate: 1.9 min
ROI Exceeding Dose Threshold: e.8 %
Dose to ROI: 1.83e-01 Gy
Region Volume: 182.4 cm?
Plot(s)
Accumulated Dose (Gy)
1.BE—Bl+ 380 2 26 28 8 2 2R 9 2 9 6 20 2 26 2R A 080 28 380 0 2 080 08 280 28 0 280 280 0 D60 28 ¢ 0 2 080 06 280 98¢ 0 2 280 0 2 98 ¢ 260 200 0
I EEE
I EE
I EE
7.7e-82+ =
I £
° . o — 2
L Diffusivity = 1.0 cm?4/h
D | *
o 5.2e-82+
= Q —
: | Clearance half-time = 0.44 h
&
| In 2 0.806 Gy
2.6e-B2+ =
S -1
| 3600/ \0.000351 Gy s
| * h
|
I
8.0e+08+*
B ettt Fo-m oo Fo-mmmm oo e ettt D e e +
8. 8e+B80 4.5e+82 9.8e+82 1.4e+83 1.8e+83  2.4e+83

Time (min)

V+ software is available from U.S. NRC
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Clearance Half-time for Large Diffusivity =2 cm?/h

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Outputs
Max Voxel Dose: 4.71e-81 Gy
Max Voxel Dose Rate: 3.5le-84 Qy/s
Time to Max Voxel Dose Rate: 1.8 min
ROI Exceeding Dose Threshold: 8.8 %
Dose to ROIL: 7.85e-82 6V
Region Volume: 182.4 cm?
Plot(s)
Accumulated Dose (Gy)
| - *
=
I &
5.3e-02+
| £
. . . — 2
. Diffusivity =2 cm?4/h
D I
o 3.5e-82+ *
s I
e I

Clearance half-time = 0.25 h

|
: In 2 0.471 Gy
| 36005 /10.000351 Gy s

Time (min)

>RCD

V+ software is available from U.S. NRC https://ramp.nrc-gateway.gov/



Clearance Half-time from Max Voxels Modeled with Diffusivity

(Voxel Side Length = Effective Thickness = 8 mm for this demonstration)

() Accumulated Dose [Gy] @) Activity Concentration [MBg/em?]

) Absorbed Dose Rate [Gylsed]

Diffusivity = 0.05 cm?/h - Clearance Half-time=2h

Activity Concentration at 50 min after extravasation

-8 7 -B -5 -4 -3 2 -1 0 1 2 3 4 5 B8 7
(=- Hear) Longitudinal Position {cm)

(=T ]

Z
- E
E =z
2 9]
g - §
= el
] o |
o =
o =
T g
z =
ki 5
=3
3
4
g 7 K 5 -4 -3 -2 -1 0 1 2 3 4 5 8 7 a
(=- Heart) Longitudinal Position {cm)
() Accumulated Dose [Gyl @) Activity Concentration [MBg/em®™ () Absorbed Dose Rate [Gyisec]
4
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Biological Clearance Half-time from Max Voxels vs. Diffusivity

24
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Clearance Half-time (h)
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Diffusivity (cm?/ h)
SPECIAL USE CASE for ExtravDose relates clearance half-time to
dose rate at extravasation site
— Applied to Maximum Voxels
— Activity uniformly distributed within a voxel
— Radioactivity considered “lost” when it provides no max voxel dose
— Advanced cases for volumes > Maximum Voxels not covered here

é“"“iA g
V+ software is available from U.S. NRC https://ramp.nrc-gateway.gov/ 23
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Clearance Half-time from Tissue ROI Modeled with Diffusivity \RCD

(Voxel Side Length = Effective Thickness = 8 mm for this demonstration)

Clearance Half-time (h)
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Biological Clearance Half-time from Tissue ROI vs. Diffusivity

SPECIAL USE CASE for ExtravDose develops

clearance half-time as a function of diffusivity

— Applied to surrounding Tissue ROI

— Radioactivity considered “lost” from ROI when it
no longer contributes Dose to ROI

— Advanced cases for volumes < Tissue ROl not
covered here

0.0 0.2 04 0.6 0.8 1.0 1.2 14 1.6 1.8 2.0
Diffusivity (cm?/ h)

V+ software is available from U.S. NRC https://ramp.nrc-gateway.gov/ 24



Different Clearance Rates from Tissue ROl & Max Voxels \RCD

Using Diffusivity to Model Clearance Half-time

Illustrative examples of biological clearance rates established

Curves generated for ® 8-cmwide x 16-cm long ROl ® 8-mm extravasation thickness ® 8-mmvoxel side length

Clearance Half-time (h)

4.8
4.4
4.0
3.6
3.2
2.8
2.4
2.0
1.6
1.2
0.8
0.4
0.0

0.0

0.2

0.4

for long-lived “C with negligible radioactive decay loss

== Clearance from Tissue ROI . . . .
— Allows ExtravDose to replicate effective half-live behavior

== Clearance from Max Voxels

— Users convert effective half-life (approximated from clinical
measurements) into biological clearance half-time, T},
— Users enter Diffusivity input value consistent with 7}, to

perform special-use-case calculations with ExtravDose
Demonstrated for small & large tissue volumes
Diffusivity curves (left) were established for

— 8-cmwide & 16-cm long ROI

— 8-mm extravasation thickness

—  8-mmvoxel size
06 08 10 12 14 16 1.8 2.0

o Recompute curves for other dimensions & input parameters
Diffusivity (cm?/ h)

V+ software is available from U.S. NRC https://ramp.nrc-gateway.gov/ 25



Troubleshooting: How to Detect Errors
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V+ software is available from U.S. NRC https://ramp.nrc-gateway.gov/
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Look for result anomalies in ExtravDose reports

Simulation 1

Simulation 2

ﬁe +88+

Extravasated Fluid Volume (mL)

Extravasated Fluid Volume (mL)

~N

;>RCD

Two simulations

Same ROI volume for 1-min 8F injection with

differences in flow & voxel parameters yield

Very similar activity concentrations over time

Unexplained large difference in dose results
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Outputs

R R R R R R R R R R R R R R R R R R R R R R R R F R R R R R R R R R R R AR R R T F R T E R R R R

Max Voxel Dose: 2.14e-81 Gy < —
Max Voxel Dose Rate: 4.,29e-84 ay/s
Time to Max Voxel Dose Rate: 1.78e+08 min
ROI Exceeding Dose Threshold: a8.a %
Dose to ROI: 5.742-82 gy < C——
Region Volume: 26.244 cm?

EEE bbb bk b 2 2 e e R e

Outputs

e T P e e e e T L e e e T

Unexpected order of

Max Voxel Dose: 2.16e+88 ﬁy —
Max Voxel Dose Rate: 4.45e-83 Gy/s 1 1
Time to Max Voxel Dose Rate: 1.8 min magnItUde dlfferences
ROI Exceeding Dose Threshold: 1.11e+81 %
Dose to ROI: 4.66e-81 ay — 1
Region Volume: 26.244 cm? In dose reSUItS

[ X
V+ software is available from U.S. NRC https://ramp.nrc-gateway.gov/
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V+ software is available from U.S. NRC

Open feedback

https://[ramp.nrc-gateway.gov/

RAMP

>RCD
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