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ABSTRACT

Objectives: This study aims to detect the maximum permissible activity (MPA) in patients with unresectable liver metastasis and hepatocellular
carcinoma treated with Yttrium-90 (Y-90) microspheres and to evaluate the absorbed radiation doses with patient-specific dosimetry methods.
Materials and methods: A total of 31 patients (20 males, 11 females; mean age 47+0.2 years; range, 32 to 62 years) were applied dosimetry. Empiric,
body surface area (BSA), Medical Internal Radiation Dose (MIRD) and partition internal dosimetry models were used to calculate the MPA to deliver the
maximum absorbable dose to the tumor while reducing the absorbed dose by the critical organs.

Results: Mean Y-90 activity was 57483+7.7 megabecquerel (MBq) for empiric model, 1806.04+1.37 MBq for BSA, 1649.60+1.3 MBq for MIRD, and
1658.71 MBq for partition. Mean absorbed dose calculated according to empiric model was 40.14+0.20, 197.62+0.45 and 7.39+0.08 gray (Gy) for normal
liver, tumor and lung, respectively. Mean absorbed dose calculated according to BSA was 33.61+0.18, 167.83+0.41, 6.39+0.08 Gy for normal liver, tumor
and lung, respectively. Mean absorbed dose calculated according to MIRD was 29.63+0.17, 125.62+0.36 and 5.67+0.07 Gy for normal liver, tumor and
lung, respectively. Mean absorbed dose calculated according to partition model was 29.82+0.17, 126.72+0.36 and 5.72+0.07 Gy for normal liver, tumor
and lung, respectively.

Conclusion: Since the MPAs calculated according to empiric and BSA models will lead to organ toxicity by forming high amounts of absorbed doses
at critical organs, these models are not appropriate approaches for dosimetry. On the other hand, MIRD and partition models are the most successful
methods for internal dosimetry applications.
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oz

Amag: Bu ¢alismada, Yitriyum-90 (Y-90) mikrokdireler ile tedavi edilen rezeke edilemeyen karaciger metastazli ve hepatoselliler karsinomlu hastalarda
maksimum izin verilebilir aktivite (MPA) belirlendi ve absorbe edilen radyasyon dozlari hastaya spesifik dozimetri yontemleriyle degerlendirildi.
Gereg ve yontemler: Toplam 31 hastaya (20 erkek, 11 kadin; ort. yas 47+0.2 yil; dagilim, 32-62 yil) dozimetri uygulandi. Tumdre maksimum absorbe
edilebilir dozu vermek amaciyla MPA'y1 hesaplarken kritik organlar tarafindan absorbe edilen dozu azaltmak icin empirik, viicut ylzey alani (BSA),
Medikal internal Radyasyon Dozu (MIRD) ve partitisyon internal dozimetri modelleri kullanildi.

Bulgular: Ortalama Y-90 aktivitesi empirik model i¢in 57483+7.7 megabekerel (MBq), BSA icin 1806.04+1.37 MBq, MIRD icin 1649.60+1.3 MBq ve
partitisyon icin 1658.71+1.31 MBq idi. Empirik modele gbre hesaplanan ortalama absorbe edilen doz normal karaciger, timor ve akciger icin sirasiyla
40.14+0.20, 197.62+0.45 ve 7.39+0.08 gray (Gy) idi. BSA’ya gore hesaplanan ortalama absorbe edilen doz normal karaciger, timor ve akciger igin sirasiyla
33.61+0.18, 167.83+£0.41 ve 6.39+0.08 Gy idi. MIRD’ye gore hesaplanan ortalama absorbe edilen doz normal karaciger, tiimér ve akciger igin sirasiyla
29.63+0.17, 125.62+0.36 ve 5.67+0.07 Gy idi. Partitisyon modeline gore hesaplanan ortalama absorbe edilen doz normal karaciger, timor ve akciger icin
sirastyla 29.82+0.17, 126.72+0.36 ve 5.72+0.07 Gy idi.

Sonug: Empirik model ve BSA modeline gore hesaplanan MPA'lar kritik organlarda yiiksek miktarlarda absorbe edilen dozlar olusturarak organ
toksisitesine yol acacagindan, bu modeller dozimetri icin uygun yaklasimlar degildir. MIRD ve partitisyon modelleri ise internal dozimetri uygulamalari
icin en basarili ydntemlerdir.

Anahtar sézciikler: internal dozimetri; radyoniiklid tedavi; Yitriyum-90.
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Since there are two different arteries supplying
blood to the liver and 80-100% of tumor cell’s
blood nourishment flow from the right hepatic
artery,l! the directed transarterial perfusion of
radioactive microspheres leads to serious damage
in unresectable tumors, which consequently
increase morbidity and mortality.?7!

The widespread use of radioembolization
requires debates on the amount of the optimal
dose to be delivered to the patient similar to
radiotherapy where the main purpose is to
maximize the dose absorbed by tumor tissues and
to reduce the dose absorbed by normal tissues.
Possible vascular shunting from the hepatic artery
to the lung will increase risks for lung irradiation
and occurrence of lung tissue damage. Pre-
dosimetry is highly recommended to calculate the
maximum permissible activity (MPA) of Yttrium-90
(Y-90) taking into account the optimum effective
dose for the tumor tissue and safe low doses for
critical organs such as lungs and normal liver
tissue to protect them from exposure to radiation
and cellular toxicity.

According to previous publications on
radiotherapy, the maximum tolerable dose has
been limited to 35 gray (Gy) on the condition
that the liver/tumor uptake ratio does not exceed
30%,® and lung absorbed dose is up to 12 Gy.?!

It is well-known that Y-90 is a high-energy
beta-emitter that may damage normal tissues of
the liver and lungs. Shunting among lungs and
liver, which opens a passage for microspheres
to leak inside the lungs, may cause significant
impairment in the lung tissue. Therefore, prior to
Y-90 radioembolization, therapy simulation using
technetium 99mTc macro aggregated albumin
(Te-99m-MAA) is recommended for pre-dosimetry
to confirm the administered activity that would
accumulate in the target tumor and limit the
absorbed doses by normal liver tissue and lungs.
Thus, in this study, we aimed to detect the MPA
in patients with unresectable liver metastasis
and hepatocellular carcinoma treated with Y-90
microspheres and to evaluate the absorbed
radiation doses with patient-specific dosimetry
methods.

MATERIALS AND METHODS

The study was conducted at Istanbul University,
Cerrahpasa Medical Faculty between February
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2012 and June 2014 and included 31 patients
(20 males, 11 females; mean age 47+0.2 years;
range, 32 to 62 years) who underwent pre-
dosimetry to determine MPA to ensure successive
treatment with no side effects to the critical organs.
Patients’ mean height was 1.6+0.04 m, mean
weight was 73.6+0.2 kg, mean tumor volume
was 355.2+0.6 cm?® and mean liver volume
was 1,942.2+1.4 cm3. The study protocol was
approved by the Istanbul University, Cerrahpasa
Medical Faculty Ethics Committee. A written
informed consent was obtained from each patient.
The study was conducted in accordance with the
principles of the Declaration of Helsinki.

Dosimetry models
Empiric model

The empiric method suggests a standard
amount of activity given in accordance with the
tumor size in the liver. The applicable amount of
standard activity for liver and tumor volumes has
been shown in detail.?!

Body surface area model

Body surface area (BSA) is a new version of
empiric method. It is basically calculated using the
weight (kg) and height (m) values of the patient.™!

Medical internal radiation dose model

Medical Internal Radiation Dose (MIRD)
model application dictates presence of essential
parameters, for instance liver and tumor mass,
normal liver tissue and tumor uptake in order to
calculate absorbed dose of normal liver and tumor
as reported by Gulec at al.'? On the other hand,
the MPA of Y-90 intended to be applied may be
consistent with the prescribed tolerable dose of

the liver and lungs:

Activitytotal (mCi)x184,000xUPTAKEjiver

DOSEjjer (rad)= Eq.l
Miiver (g)
Activityiotal (mCi)x184,000xUPT TLRtumor
DOSEtumor (rad)= Eq.2
Mtumor ()
Activit: mCi)x184,000xSF
DOSEjungs (rad)= ivityrotal (mCi) Eq.3
Miungs (9)

To evaluate the miyyer parameter, total liver
volume was calculated over computed tomography
scan using OsiriX software (Pixmeo, Switzerland)
and then multiplied by soft tissue density.!® To
evaluate the miymor parameter, the Cavalieri
principle was used. This principle is considered
an accurate method to calculate the volume of
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irregular objects!!%1410 with reliable geometric
data obtained from patients’ Tc-99m-MAA single-
photon emission computed tomography images
for tumors.

The formation of arteriovenous connection
with pulmonary system produces lung shunting
involving a flow of microspheres into the inner
layers of lungs exposing it to radiation. Thus,
the fraction of Tc-99-MAA leaking into lungs is
typically estimated by drawing a region of interest
over the lungs and liver on the planar images as
shown in the following function:!'2

Countsj
SF= nes Eq.4
Countsjungs+Countsiiver

For a patient to be accepted ideal and
appropriate to undergo Y-90 radioembolization,
the lung shunting fraction (SF) must not exceed
20%."%1 To assess tumor to liver uptake ratio
plays a major role in accomplishing Y-90 MPA, in
which the borders of tumor and normal liver are
pointed out optically and tumor/liver ratio (TLR)
is determined as:1”!

Table 1. Doses determined by empiric model

Patient No Activity (MBq) Normal liver (Gy) Doses tumor (Gy) Lung (Gy)
1 54,000 25.68 116.78 4.73
2 67,500 4492 109.86 9.95
3 54,000 17.03 144.23 10.63
4 54,000 43.08 162.12 6.96
5 54,000 65.67 158.12 8.53
6 54,000 8.34 155.46 9.30
7 54,000 41.54 301.10 5.15
8 54,000 28.96 143.89 15.93
9 54,000 52.48 125.18 4.58
10 67,500 63.28 163.50 4.96
11 54,000 39.78 200.29 9.18
12 54,000 47.69 104.67 4.39
13 54,000 45.92 252.07 7.33
14 54,000 21.84 51.86 591
15 81,000 47.76 108.95 6.82
16 81,000 46.54 108.58 9.57
17 54,000 21.84 21142 6.74
18 54,000 19.10 127.08 5.09
19 54,000 34.04 187.22 8.03
20 67,500 60.02 141.23 10.88
21 54,000 28.21 1,156.78 9.94
22 67,500 63.26 229.57 5.10

23 54,000 38.32 120.42 3.33
24 54,000 75.73 317.10 8.02
25 54,000 33.25 89.40 8.41
26 54,000 48.52 199.70 6.60
27 54,000 55.01 119.50 4.30
28 54,000 38.24 93.75 7.73
29 54,000 18.56 251.05 5.59
30 54,000 27.25 294.66 10.13
31 54,000 42.45 180.57 5.29
Mean+SD 57,483+7.7 40.14+0.2 197.62+0.45 7.39+0.08

MBgq: Megabecquerel; Gy: Gray; SD: Standard deviation.
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Maximum tumor counts
tumor/liver ratio (TLR)= - Eq.5
Liver average counts

Partition model

In the partition model, the radiation dose of
a functional organ with a mass of m (g) and an
activity of Ag (GBq) is calculated using the MIRD
principles with a simplification.!8

Statistical analysis

Microsoft Excel 2010 software was used for
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RESULTS

The amount of activity determined by the
empiric model and the normal liver, tumor and
lung doses to be formed are shown in Table 1.
Mean normal liver, mean tumor, and mean lung
doses were calculated as 40.14+0.20 Gy,
197.62+0.45 Gy, and 7.39+0.08 Gy, respectively,
when mean 57,483+7.7 megabecquerel (MBq)
activity was given according to empiric model.
Normal liver doses shown in Table 1 were found
to be well above the reference liver dose.'” Lung
dose limit?% exceeded in one patient.

statistical analysis.

Table 2. Doses determined by body surface area model

Patient No Activity (MBq) Normal liver (Gy)  Doses tumor (Gy) Lung (Gy)
1 1,702.54 21.88 99.50 4.03
2 2,353.97 42.34 103.55 9.38
3 1,808.03 1541 130.51 9.62
4 1,898.12 40.93 154.02 6.62
5 1,493.32 49.08 118.18 6.37
6 1,616.9 6.75 125.80 7.53
7 1,539.2 32.06 232.40 3.98
8 2,016.5 29.28 145.47 16.10
9 1,761.2 46.25 110.34 4.04
10 1,513.3 38.35 99.10 3.01
11 1,909.57 38.02 191.44 8.77
12 1,705.7 40.72 89.39 3.75
13 1,783.4 41.02 225.18 6.54
14 1,875.9 20.52 48.71 5.55
15 2,120.1 33.81 7713 4.83
16 2,223.7 34.56 80.63 7.11
17 2,027.6 22.16 214.55 6.84
18 1,646.5 15.75 104.76 4.19
19 1,949.9 33.24 182.84 7.84
20 1,657.6 39.86 93.78 7.22
21 1,550.3 22.89 938.39 8.06
22 1,790.8 45.38 164.68 3.66
23 1,816.7 3491 109.69 3.03
24 1,546.6 58.69 245.73 6.22
25 2,060.9 34.33 92.31 8.68
26 1,724.2 41.90 172.44 5.70
27 1,798.2 49.57 107.68 3.87
28 1,539.2 29.46 72.22 5.96
29 1,764.9 16.40 22191 494
30 1,872.2 25.58 276.63 9.51
31 1,920.3 40.84 173.74 5.09

Mean+SD 1,806.04 +1.37 33.61+0.18 167.83+0.41 6.39+0.08

MBgq: Megabecquerel; Gy: Gray; SD: Standard deviation.
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The amount of activity determined by the
BSA model and the normal liver, tumor and
lung doses to be formed are shown in Table 2.
Mean normal liver, mean tumor, and mean lung
doses were 33.61+0.18 Gy, 167.83+0.41 Gy,
and 6.39+0.08 Gy, respectively, when mean
1,806.04+1.37 MBq activity was given according
to the BSA model. Normal liver doses shown in
Table 2 were found to be well above the reference
liver dose." Lung dose limit?” exceeded in one
patient. The quantities of activity planned for
the BSA model produced high radiation doses in
critical organs.

The amount of activity determined by the
MIRD model and the normal liver, tumor
and lung doses to be formed are shown in
Table 3. When mean 1,649.60+1.31 MBq
activity was given according to the MIRD
model, mean normal liver, mean tumor,
and mean lung doses were calculated as
29.63+£0.17 Gy, 125.62+0.36 Gy, and
5.67+0.07 Gy, respectively. Normal liver doses
shown in Table 3 were close to the reference
liver dose.'”! No radiation doses exceeded the
maximum dose of 12 Gy for the lungs.?%

Table 3. Doses determined by medical internal radiation dose model

Patient No Activity (MBq) Normal liver (Gy) Doses tumor (Gy) Lung (Gy)
1 2,257 29.01 131.92 5.34
2 2,220 39.93 97.66 8.84
3 1,805.6 15.39 130.34 9.61
4 1,850 39.89 150.11 6.45
5 1,202.5 39.52 95.16 513
6 1,628 6.80 126.67 7.58
7 1,443 30.00 217.46 3.72
8 1,480 21.45 106.59 11.80
9 1,517 39.84 95.04 3.48
10 1,572.5 39.84 102.94 3.13
11 1,498.5 29.83 150.22 6.88
12 1,665 39.74 87.23 3.66
13 1,295 29.76 163.38 4.75
14 2,738 29.94 71.07 8.09
15 2,479 39.51 90.12 5.64
16 2,571.5 39.93 93.17 8.21
17 2,027.6 22.16 214.56 6.84
18 1,665 15.92 105.90 4.24
19 1,757.5 29.94 164.68 7.06
20 1,646.5 39.57 93.11 7.17
21 370 5.22 214.22 1.84
22 1,184 29.99 108.83 2.42

23 1,554 29.81 93.66 2.59
24 777 29.45 123.32 3.12
25 2,368 39.40 105.95 9.96
26 1,239.5 30.10 123.89 4.09
27 1,443 39.73 86.31 3.11
28 2,072 39.66 97.22 8.02
29 1,110 12.03 162.72 3.62
30 1,295 15.14 163.70 5.63
31 1,406 29.87 127.07 3.72
Mean+SD 1,649.6+1.31 29.63+0.17 125.62+0.36 5.67+0.07

MBgq: Megabecquerel; Gy: Gray; SD: Standard deviation.
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Table 4. Doses determined by partition model
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Patient No Activity (MBq) Normal liver (Gy)  Doses tumor (Gy) Lung (Gy)
1 2,297.7 29.53 134.30 5.44
2 2,197.8 39.52 96.66 8.75
3 1,828.91 15.58 131.99 9.73
4 1,853.14 39.95 150.34 6.46
5 1,208.79 39.72 95.64 5.16
6 1,628.37 6.80 126.68 7.58
7 1,438.56 29.90 216.75 3.71
8 1,498.5 21.71 107.90 11.94
9 1,498.5 39.35 93.87 3.44
10 1,558.44 3948 102.00 3.10
11 1,498.5 29.83 150.19 6.88
12 1,648.35 39.33 86.34 3.62
13 1,498.5 34.43 189.02 5.49
14 2,747.25 30.03 71.30 8.12
15 2,497.5 39.79 90.77 5.68
16 2,567.43 39.86 93.00 8.20
17 2,027.97 22.16 214.55 6.84
18 1,668.33 15.95 106.09 4.25
19 1,758.24 29.95 164.72 7.06
20 1,658.34 39.85 93.76 7.22
21 370.12 23 214.25 1.84
22 1,178.82 29.85 108.34 241
23 1,558.44 29.89 9391 2.60
24 789.21 2991 125.23 3.17
25 2,397.6 39.89 107.25 10.08
26 1,228.77 29.84 122.79 4.06
27 1,448.55 39.87 86.62 3.12
28 2,057.2 39.38 96.53 7.96
29 1,110.08 10.31 139.46 3.10
30 1,293.70 17.64 190.76 6.56
31 1,408.59 29.92 127.28 3.73
Mean+SD 1,658.72+1.31 29.82+0.17 126.72+0.36 5.72+0.07
MBgq: Megabecquerel; Gy: Gray; SD: Standard deviation.
The amount of activity determined by the DISCUSSION

partition model and the normal liver, tumor and
lung doses to be formed are shown in Table 4.
Mean normal liver, mean tumor, and mean lung
doses were 29.82+0.17 Gy, 126.72+0.36 Gy,
and 5.72+0.07 Gy, respectively, when mean
1,658.72+1.31 MBq activity was given according
to the partition model. The doses indicated
in bold in Table 4 exceeded the maximum
accepted 30-35 Gy liver dose.” No radiation
dose exceeded the maximum dose of 12 Gy for
the lungs.?"

In this study, we aimed to perform patient-
specific radiation dosimetry to determine the
parameters required for the diagnosis of primary or
metastatic liver cancer for an effective treatment.

In the field of Y-90 microspheres therapy, a
great number of dosimetric models have been
developed gradually starting from empiric, BSA,
MIRD and partition models, and finally Monte
Carlo simulation.'?21251 When MPA values
calculated with empiric model were given to
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patients, liver absorbed dose was higher than
30-35 Gy in 18 patients. Moreover, there was
one patient whose lung absorbed dose was above
the reference dose. With empiric model, the
calculated MPA will deliver large absorbed doses
to the critical organs, leading to organ toxicity in
late stages. Therefore, we concluded that empiric
model is not an appropriate dosimetry approach.
Additionally, it does not allow patient-specific
dosimetry.

Regarding MPA determined by the BSA
model, the liver absorbed dose was higher in eight
patients, and the lung absorbed dose was above
the reference dose in one patient. Consequently,
BSA model failed to be a suitable dosimetry model
due to the calculated high absorbed doses that
cause organ toxicity.

Since MIRD and partition models are
mainly based on more scientific regulations
compared to the previous models, they have
great advantages to promote optimum Y-90
dosimetry.'!! The tumor, liver, and lungs masses,
SF, TLR, and liver and tumor uptakes are the
most essential parameters needed to achieve
precise calculations for MPA of Y-90. Moreover,
our cases did not have any dose higher than
the reference doses. When the SF is high, it
can keep the absorbed dose of lungs within
the acceptable limits. Additionally, there is no
theoretical limit for calculated activity.

In all dosimetry models used, it is assumed
that the amount of activity given for treatment is
homogeneously distributed throughout the tumor.
However, it is known that dead areas such as
necrosis may be present in the tumor. In addition,
necrosis areas were ignored while tumor volume
was calculated. In the next study, it is aimed to do
dosimetry with the Monte Carlo method, which
gives new and near-realistic results to remove all
these limitations.

In conclusion, MIRD and partition models
were found to be optimal dosimetry models.
Based on the mean normal liver and lung dose
values in our study, the amount of activity
planned to be given according to the MIRD model
has produced radiation doses that can be tolerated
in critical organs. The MIRD model offers patient-
specific dosimetry and is useful for routine Y-90
microsphere dosimetry calculations.
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