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Red Marrow Absorbed Dose Calculation in Thyroid Cancer Patient Using a
Simplified Excel Spreadsheet
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Abstract

Objectives: Absorbed dose to red marrow (D, ) can be calculated using blood dosimetry. However, this method is laborious and invasive.
Therefore, image-based dosimetry is the method of choice. Nonetheless, the commercial software is expensive. The goal of this work was to
develop a simplified excel spreadsheet for image-based radioiodine red marrow dosimetry.

Methods: The serial whole-body images (acquired at 2", 6%, 24, 48", and 72" hours) of 29 patients from the routine pretherapeutic dosimetry
protocol were retrospectively reanalyzed. The commercial OLINDA/EXM image-based dosimetry software was used to calculate the whole-body
time-integrated activity coefficient (TIAC, ;) and D, [in terms of absorbed dose coefficient (d, )]. For the simplified excel spreadsheet, the whole-
body count was obtained from the vendorsupplied software. Then, the TIAC,, was computed by a fitting time-activity curve using an Excel
function. S factor was taken from other publications and scaled according to the patientspecific mass. A comparison of the TIAC, and d_ from
both methods was done using a non-inferiority test using a paired t-test or the Wilcoxon signed-rank test.

Results: The TIAC, , showed no significant difference between both methods (p=0.243). The calculated D, from a simplified Excel spreadsheet
was assumed to be statistically non-inferior to the commercial OLINDA/EXM image-based dosimetry software with the non-inferiority margin of
0.02 (p<0.05).

Conclusion: The dose assessment from a simplified Excel spreadsheet is feasible and relatively low cost compared to the commercial OLINDA/
EXM image-based dosimetry software.
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Oz

Amag: Kirmizi iligin absorbe ettigi doz (D, ) kan dozimetresi kullanilarak hesaplanabilir. Ancak tam kan yontemi zahmetli ve invaziftir. Bu nedenle,
gorlintl bazl dozimetri tercih edilen yontemdir. Bununla birlikte, ticari yazilm pahalidir. Bu calismanin amaci, gériinti tabanli radyoiyot kirmizi ilik
dozimetrisi icin basitlestirilmis bir excel elektronik tablosu gelistirmektir.

Yontem: Yirmi dokuz hastanin rutin tedavi 6ncesi dozimetri protokoltindeki seri tiim viicut goriintlleri (2, 6, 24, 48 ve 72. saatlerde elde edilen)
retrospektif olarak yeniden analiz edilmistir. Rutin olarak, ticari OLINDA/EXM gérlntu tabanli dozimetri yaziimi, tim vicut zamana entegre
edilmis aktivite katsayisi (TIAC, ;) ve D, [absorbe edilen doz katsayisi (d )] hesabi icin kullanildi. Basitlestirilmis bir Excel elektronik tablosu icin,
tlm viicut sayisi satici tarafindan saglanan yazilimdan elde edilmistir. Daha sonra TIAC,,, Ex;el islevi kullanilarak olusturulan zaman-aktivite egrisi
ile hesapland. S faktorl diger yayinlardan alinarak hastaya 6zel kitleye gore Slceklendirildi. Iki yontem ile elde edilen TIAC,, ve d  degerlerinin
karsilastirmasi, bagimli rneklem t-testi veya Wilcoxon isaretli siralar testine dayali bir non-inferiority test kullanilarak analiz edildi.

Bulgular: TIAC, , iki yontem arasinda anlamli bir fark géstermedi (eslestirilmis Grneklem t-testi ile p degeri 0,243). Basitlestirilmis bir Excel elektronik
tablosundan hesaplanan d_degderinin, 0,02lik non-inferiority payi ile ticari OLINDA/EXM goriinti tabanli dozimetri yazilimi ile hesaplanan
degerden istatistiksel olarak non-inferior oldugu gériimustur (Wilcoxon isaretli siralar testi ile p degeri <0,05).
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Sonug: Basitlestirilmis bir Excel elektronik tablosundan doz degerlendirmesi yapilabilir ve ticari OLINDA/EXM gortiintii tabanli dozimetri yazilimina

kiyasla nispeten distk maliyetlidir.

Anahtar kelimeler: Kirmizi iligin absorbe ettigi doz, gorlintliye dayall dozimetri, radyoiyot tedavisi, internal dozimetri

Introduction

The red marrow is considered as one of the critical organs in
radioiodine treatment (*'I-sodium iodide) of differentiated
thyroid cancer (DTC). In radioiodine treatment, the
absorbed dose to the blood as a surrogate for red marrow
is often kept below 2 Gy to avoid hematological toxicity.
This safety limit has been defined by blood dosimetry from
blood sampling since the original work of Benua et al. (1)
in 1962. Such a limit is still widely accepted, even though
many new approaches have been introduced to calculate
the red marrow absorbed dose such as external whole-
body counting using a gamma probe and quantitative
imaging using serials of whole-body scans obtained from
nuclear medicine imaging modality (2,3,4).

Currently, quantitative imaging is the method of choice
due to its non-invasive procedures excluding serial blood
collections. Several commercial dosimetry softwares
include the function to calculate the time-integrated activity
coefficient (TIAC) and absorbed dose in organs using
either serial planar whole-body scans or single photon
emission computed tomography (SPECT) acquisitions (3,4).
However, the image-based commercial dosimetry software
is expensive, limiting its use in routine clinical practice. The
objectives of this study were to develop a simplified excel
spreadsheet for an image-based radioiodine bone marrow
dosimetry and to compare the results of this spreadsheet
with the commercial OLINDA/EXM image-based dosimetry
software.

Materials and Methods

Patient Data Selection

Twenty-nine DTC patients who participated in the routine
pretherapeutic dosimetry protocol between May 2017
to March 2019 for radioiodine treatment at the Surin
Hospital (Surin Province, Thailand) were included in this
retrospective study. Five patients were male and 24 were
female. The mean age was 48.8 years (range: 19.0-76.0
years) at the time of the treatment. Ethics Committee
Approval was obtained from the Ethical Review Board of
the Surin Hospital with the approval number: 12/2562 and
date: 9™ April 2019.

The inclusion criteria for this routine pretherapeutic
dosimetry protocol were DTC patients who had a near-total

or total thyroidectomy, with withdrawn thyroid hormone
for 4-6 weeks, low iodine diet intake, and serum thyroid-
stimulating hormone >30 mIU/L before administration of
radioiodine.

Dosimetry and Imaging Protocol

The pretherapeutic dosimetry protocol at the Surin Hospital
was performed following European Association of Nuclear
Medicine (EANM) standard operational procedures (3).
Radioiodine ranging from 74 to 185 MBqwas administered to
patients. The whole-body data in this protocol were obtained
from anterior and posterior conjugate views acquired at
2m, 6, 24h 48" and 72™ hours postadministration. The
gamma camera used for imaging was Symbia T16 SPECT/
CT (Siemens Medical Solutions USA) and equipped with
parallel-hole high energy collimators, using a 10% energy
window set at 364 keV. The table speed for the whole-body
images was 8 cm/min and the latter were acquired using a
256x1024 matrix. These protocol settings were applied to
all patients and time points.

The Commercial OLINDA/EXM Image-based Dosimetry
Software

In the pretherapeutic dosimetry protocol, the whole-body
calculations were performed using a commercial HERMES
OLINDA/EXM image-based dosimetry software (HERMES
Medical Solution, Stockholm, Sweden). This software is
the OLINDA/EXM version 1.1.

In this commercial software, the whole-body region of
interest (ROI) in the anterior image was automatically
mirrored and copied to the posterior image. The whole-
body ROIs that had been defined in one of the whole-body
scans were automatically copied to all other timepoints
belonging to the same patient. Examples of image data
and whole-body ROl are demonstrated in Figure 1a.

In OLINDA/EXM image-based dosimetry software, the
activity in the images is converted from the counts
using either standard activity or equipment detection
efficiency. In this work, the camera detection efficiency
was investigated and used for activity determination for
all patients. Then, a bi-exponential function was fitted to
the data. Consequently, the whole-body time-activity curve
whole-body (TAC,,) was generated. An example of TAC,,
is shown in Figure 1b.
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Figure 1. a) Sample screenshot of the image data and whole-body ROI of the commercial OLINDA/EXM image-based dosimetry software. b) The

bi-exponential fit of the TAC

ROI: Region of interest, TAC: Time-activity curve, OLINDA/EXM: Organ Level Internal Dose Assessmant/Expanential Medelling

The whole-body TIAC, (formally called residence time)
is calculated from the area under TAC, .. The exponential
extrapolation with a numerical trapezoidal integration is
employed in this OLINDA/EXM image-based dosimetry
software. In this software, D was calculated in terms
of the absorbed dose coefficient (d ) (mGy/MBq). This
commercial software uses the medical internal radiation
dose schema and the Cristy and Eckerman (C&E) phantoms
(5). In our work, doses were scaled using the patient-
specific mass at the time of radioiodine treatment.

A Simplified Excel Spreadsheet

The serial whole-body images of 29 DTC patients were
reanalyzed using the vendor-supplied Syngo software
(Siemens Medical Solutions, USA) as illustrated in Figure
2a. Data were exported to an Excel spreadsheet (Microsoft
Corp., Redmond, WA). For background correction, the
average activity in the whole-body background ROIs (BKG_)
was subtracted from the average activity in the whole-body
ROI' (WB_ ) and multiplied by the number of pixels in the
whole-body image (N, ) as illustrated in equation (1).

WBnet=NV\/B X (WBaV_BKGav)
Then, the whole-body geometric mean (WB_ ) was

calculated from the whole-body net anterior (WBMBM)) and
whole-body net posterior ( WB_ as shown in equation

(2).

equation (1)

et(post))

equation (2)
WBGM= ‘\/WBnet(ant) x WB

net(post)

In the excel spreadsheet, the equipment efficiency was
also used to determine the activity similar to the OLINDA/
EXM image-based software. Then, the whole-body
activity of each time point was computed to the fraction

of administered activity (FAA) using a mono-exponential
function in MS Excel [as illustrated in equation (3)].
FAA(t) = At) = A x e equation (3)

A

0
Where, FAA(t) is the fraction of administered activity (A))
as a function of time t and A and A are fit constants. The
TIAC,,, (as shown in Figure 2b) in this spreadsheet were
calculated by integrating the equation (3) from zero to
infinity as shown in the following equation (3, 4).

TIACWBf(;°= FAA(t)dt equation (4)

As recommended in the EANM guideline for bone marrow
and whole-body dosimetry in radioiodine therapy for
thyroid cancer, the contributors to D, were the activity in
the extracellular fluid (ECF) (D, _..) and the remainder of
the body (RoB) (D as illustrated in equation (4,5).

Drm=D +D

rm<—ECF

rm<—RoB)
meros  €Quation (5)

The contribution from the activity in the ECF is also
called the blood method and assumes that the activity
distribution in ECF is equal to the activity distribution in
the plasma. However, the completed blood method is
laborious, invasive, and resource consuming. Many groups
have published using this method to avoid blood sampling
(2,6,7,8).

In this spreadsheet, the method introduced by Thomas
et al. (2) was used to estimate the blood TIAC (TIAC, )
assuming that 14% of the TIAC,, can be attributed to
blood as shown in equation (6). Thereby, the D, .can be
calculated by the activity concentration in blood and the
red marrow ECF fraction (RMECFF) as shown in equation

(7). The RMECFF was 0.19, based on Sgouros studied using
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Figure 2. a) The whole-body ROI from the vendor-supplied Syngo software. b) The TIAC,, from a simplified eExcel spreadsheet

ROI: Region of interest, TIAC, ,: Whole-body time-integrated activity coefficient

a theoretical investigation of radiolabeled monoclonal
antibodies (9). For D__ .., the patientspecific bone
marrow mass is not necessary as it is canceled out when
the S value is scaled (2). For the S value for red marrow to
red marrow, the C&E phantoms were also used (10).

TIAC,, = 0.14 x TIAC,, equation (6)

blood

D, . = A, ¥ 0.19 xm

rm<ECF

equation (7)

rm,phantom

The remainder of the body TIAC (TIAC, ;) can be calculated
as the difference between the TIAC, ,and the other source
organs which is only in this case. in this spreadsheet was
calculated by subtracting the TIAC,_, from the TIAC, as
shown in equation (8). S value for the remainder of the
body to red marrow was taken from the C&E phantoms
(Simeros, phantom). In this case, there were only two source
organs. The patient-specific S value for the remainder of
the body to red marrow (S, _. . pat‘.em) was calculated using
a linear scaling as recommended in the EANM guideline
[illustrated in equation (9)] (4).

rm<rm,phantom

Drm<—RoB=[AOX(TIACWB_TIACb\ood)] % Srm&RoB, patient equatlon (8)

. =[S . m\NB,phan(om
rm<—RoB,patient rm<-WB,phantom -

m,,, Phantom-m

RM, phantom

m m
rm<rm,phantom . rm,phantom ] \WB,phantom

equation (9)

m

WB, phantom—mrm, phantom mWB, patient

Where, m m an dm _are the red
rm,phantom WB,phantom WB,patient
marrow mass, the whole-body mass of the C&E phantoms,

and the whole-body mass of the patient respectively (10).

In the same manner, d,m was computed from the D,.
normalized by administered activity A,. The unit of d_is
mGy/Mbg.

Statistical Analysis

SPSS version 20 (IBM Inc., NY, USA) was used for statistical
analysis. The TIAC,, and the D, calculated from the
commercial OLINDA/EXM image-based dosimetry software
and a simplified excel spreadsheet were expressed as mean
+ standard deviation (SD). A comparison of the TIAC,,
and the d_ from both methods was statistically assessed
using a non-inferiority test based on the paired t-test when
normality was assumed or the Wilcoxon signed-rank test
for the case of non-normality (11). Pearson’s correlation
was also used to study the correlation between both
methods (12).

Results

This retrospective study included 29 patients who
participated in the pretherapeutic dosimetry protocol for
radioiodine therapy. In this work, the TIAC,,and the d
were reanalyzed using a simplified excel spreadsheet. The
mean (+ SD) and range (minimum-maximum) of the TIAC, .
andthed aresummarizedinTable 1. The calculated TIAC,,
showed no statistically significant difference between the
two methods (p value 0.243 using a two-sided paired t-test
because normality was assumed). The Pearson correlation
coefficient was 0.851 (p value <0.001) (Figure 3).

The calculated d_ from the commercial OLINDA/EXM
image-based dosimetry software was 0.0653+0.0233 mGy/
MBq (range: 0.0268 to 0.1280 mGy/MBq). After reanalysis
with a simplified excel spreadsheet, the mean (+ SD) of
the d_ was 0.0798+0.0220 mGy/MBq (range: 0.0356 to
0.1433 mGy/MBq). For D, , the statistical results showed
that the calculated d_ from a simplified excel spreadsheet
was statistically non-inferior to that from the commercial
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Table 1. The mean (mean * SD) and range (minimum - maximum) of the TIAC . in hours and d__ in mGy/MBq calculated
from the commercial OLINDA/EXM image-based dosimetry software and a simplified excel spreadsheet

Dosimetric parameter
dosimetry software

The commercial OLINDA/EXM image-based

A simplified excel preadsheet

Mean = SD Range

Mean = SD Range

TIAC,, () 24.42+8.71

9.61-46.03

23.28+5.00 13.24-31.49

0.0653+0.0233

d_(mGy/MBq)

rm

0.0268-0.1280

0.0798+0.0220 0.0356-0.1433

Expanential Medelling

SD: Standard deviation, TIAC,,: Whole-body time-integrated activity coefficient, d,_: Absorbed dose coefficient, OLINDA/EXM: Organ Level Internal Dose Assessmant/
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Figure 3. Correlation of the TIAC,, calculated from a simplified Excel
excel spreadsheet and the commercial OLINDA/EXM image-based
dosimetry software

TIAC,,: Whole-body time-integrated activity coefficient

OLINDA/EXM image-based dosimetry software with a non-
inferiority margin of 0.02 (p value <0.05 using the Wilcoxon
signed-rank test because non-normality was assumed). The
non-inferiority margin of 0.02 was set based on SD of d__
from the commercial OLINDA/EXM image-based dosimetry
software that was used in the pretherapeutic dosimetry
protocol. Pearson’s correlation coefficient was 0.737 (p
value <0.001) as illustrated in Figure 4.

Discussion

Image-based red marrow dosimetry calculation in
radioiodine therapy is performed to maximize the radiation
dose to remnant thyroid or metastasis CT while considering
the patient’s safety by minimizing bone marrow toxicity.
The primary parameter requested for internal dosimetry
is often the TIAC (13). In this study, the calculated from
a simplified excel spreadsheet was slightly shorter than
that using the commercial OLINDA/EXM image-based
dosimetry software. The mean percentage difference in
TIAC,,, between both methods was 0.41%. Many factors
affect TIAC estimation such as counts-to-activity conversion
method, ROl delineation, background correction, and
method of fit and integration of TAC.

Figure 4. Correlation of the d_ calculated from a simplified Excel excel
spreadsheet and the commercial OLINDA/EXM image-based dosimetry
software

d,: Absorbed dose coefficient

In this study, the counts-to-activity conversion was similar
using equipment efficiency for both methods. For ROI
delineations, there were drastic differences between
the commercial OLINDA/EXM image-based dosimetry
software and a simplified excel spreadsheet. As regards
illustration, the commercial OLINDA/EXM image-based
dosimetry software has an advanced option to draw and
automatically copy ROIs from the initial whole-body to all
the otherimages belonging to the same patient. In contrast,
the ROI in a simplified Excel spreadsheet was manually
drawn using the vendor-supplied software. Many studies
have reported that ROI delineation was one of the critical
uncertainty factors for dose calculation in nuclear medicine
(14,15,16). For the fit and integration method, a simplified
excel spreadsheet was used; the mono-exponential fit
(also called single exponential function) in MS Excel. The
commercial OLINDA/EXM image-based dosimetry software
was fitted using a bi-exponential fit function. According
to the EANM guideline for pretherapeutic dosimetry in
DTC, the bi-exponential fitting is suggested to determine
the (3). Many simplified approaches have been developed
and illustrate that the simple mono-exponential could be
used in routine practice (17,18). However, errors of the
mono-exponential might be higher since such a fitting
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does not reflect realistic kinetics in the uptake and long-
term retention phase of radioiodine kinetics (17). The most
desirable next step is to include the bi-exponential fit in
our excel spreadsheet to improve the accuracy of TIAC.
Comparison of the presented in this work with other
publications is tabulated in Table 2.

Table 2. Comparison of the TIAC, of DTC patients in this
study with previous studies

This value was based on the SD of d_from the commercial
OLINDA/EXM  image-based dosimetry software and
other published works (as illustrated in Table 3). The non-
inferiority test showed that a simplified Excel spreadsheet
software was no worse than the commercial OLINDA/
EXM image-based dosimetry software at the non-inferiority
margin.

For comparison, the mean values of d_ calculated from

thyroid cancer, SD: Standard deviation, OLINDA/EXM: Organ Level Internal Dose
Assessmant/Expanential Medelling

It was found that most publications reported a large SD
in the TIAC,,, like our findings. The possible explanations
for high SD for TIAC,, in radioiodine treatment might
be related to the disease characteristic of ablation in
DTC patients such as metastasis, iodine intake/uptake,
hormonal level, age of the treated patient.

As previously explained, the d_is the ratio between the
bone marrow absorbed dose and administered activity.
In this study, the difference in the d_ from a simplified
excel spreadsheet and the commercial OLINDA/EXM
image-based dosimetry software was -26.98%. Many
factors affect d_, including the phantom and S factor.
In our study, both methods used the C&E phantoms, but
different versions. The simplified excel spreadsheet used
the C&E phantoms from the study of Stabin et al. (19) in
1995 whereas, the commercial OLINDA/EXM image-based
dosimetry software used the newer version from the study
of Stabin et al. (5) in 2003. The latter version used the
bone marrow specific absorbed fraction from the EGS4
Monte Carlo code.

Statistical comparison of the d  from both methods was
analyzed using a non-inferiority test. Generally, this test is
used to assess that a new drug or new treatment is not
worse than the main comparator drug or a reference
treatment by more than a non-inferiority margin (11,20).
In this study, the non-inferiority margin of 0.02 was set.

both methods were compared with the values reported by

TIAC,, (h) mean .

+£SD other groups as demonstrated in Table 3.
Previous studies
Hanscheid (29) (2006) 24.10+7.80 Table 3. Comparison of the d_ of DTC patients in this
Willegaignon et al. (25) (2012) 25.77+6.98 ST [REIONE B [

d Gy/MB

Willegaignon et al. (23) (2016) 29.18+18.14 ni'éér::)gln a)
Present study Previous studies
A simplified excel spreadsheet 23.2845.00 Traino et al. (21) (2007) 0.0739+0.0217
The commercial OLINDA/EXM image-based 24.42+8.71
dosimetry software Miranti et al. (22) (2015) 0.0845+0.0385
TIAC,;; Whole-body time-integrated activity coefficient, DTC: Differentiated Willegaignon et al. (23) (2016) 0.0660+0.0550

Alan Selcuk et al. (24) (2018) 0.1079+0.0319

Present study

0.0798+0.0220
0.0653+0.0233

A simplified excel spreadsheet

The commercial OLINDA/EXM image-based
dosimetry software

d,_: Absorbed dose coefficient, DTC: Differentiated thyroid cancer, SD: Standard
deviation

In this study, the mean and SD of d_ from the simplified
excel spreadsheet was 0.0798+0.0220 mGy/MBg. Traino
etal. (21) and Miranti et al. (22) calculated the d _using the
reference data from the RADAR website with an estimated
d, 0f0.0739+0.0217 mGy/MBg and 0.0845+0.0385 mGy/
MBq, respectively. Willegaignon et al.(23) also computed
the d_ from whole-body images using the OLINDA/EXM
software with a mean of 0.0660+0.0550 mGy/MBq.
Similarly, the d_ calculated by Alan Selcuk et al. (24) using
the same software was 0.1079+0.0319 mGy/MBq.

From these results, the reference phantom and S factor
value greatly impacted the d . This is coherent with many
studies and the difference in the dosimetry can be greater
than 150% when using different phantoms and S factors
(25,26,27,28). Hence, the selection of phantom is an
important factor in the dosimetry calculation. Although
the d  results showed some differences between both the
software, the clinical outcome is still difficult to prove at
this stage.
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Study Limitations

The small number of patients and the heterogeneity of the
stages of the disease (local or distant metastasis) in the
patient group might have biased the outcome of this study.

Conclusion

The TIAC,, calculated from a simplified excel spreadsheet
was not statistically different from that of the software. The
calculated d_ using the simplified excel was non-inferior to
that calculated by the software with an acceptable margin.

It can be concluded that a simplified excel spreadsheet can
be used to calculate the d_in radioiodine therapy of DTC
patients. The dose assessment using this method is feasible
and relatively low cost compared to the commercial
OLINDA/EXM image-based dosimetry software. Hence, the
simplified Excel spreadsheet should increase the number
of dosimetry studies in low or middle-income countries,
though it requires further validation with more patients.
Also, a method for improving TAC integration and the
updated phantom for S-factor should be further considered.
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