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ABSTRACT

Objectives: The aim of the study was to investigate DNA double strand break (DSB) formation
and its correlation to the absorbed dose to the blood in patients with surgically-treated
differentiated thyroid cancer undergoing their first radioiodine therapy for remnant ablation.
Methods: 20 patients were included in this study. At least 7 peripheral blood samples were
obtained before, and between 0.5h and 120h post administration of radioiodine. From the time-
activity curves of the blood and the whole body, residence times for the blood self-irradiation
and the irradiation from the whole body were determined. Peripheral blood lymphocytes were
isolated, ethanol-fixed and subjected to immunofluorescence staining for colocalizing y-
H2AX/53BP1 DSB-marking foci. The average number of DSB foci/cell per patient sample was
analyzed as a function of the absorbed dose to the blood and compared to an in-vitro
calibration curve for 131 and *"’Lu established previously in our institution.

Results: The average number of radiation-induced foci (RIF)/cell increased over the first 3 hours
post radionuclide administration and decreased thereafter. A linear fit from 0-2 h as a function
of the absorbed dose to the blood agreed with our in-vitro calibration curve. At later time points
RIF numbers diminished, indicating successful DNA repair. Individual patient data were
characterized by a linear dose-dependent increase and a biexponential response function
describing a fast and a slow repair component.

Conclusions: With the experimental results and model calculations presented in this work, a
dose-response relationship is demonstrated and an analytical function describing the time
course of the in-vivo damage response after internal irradiation of patients with 31l is

established.
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INTRODUCTION

Following total thyroidectomy for differentiated thyroid cancer (DTC), patients generally receive
one or more treatments with high activities of $31I. The purpose of the initial radioiodine therapy
after surgery is to ablate remnant thyroid tissue and to effectively treat any iodine-avid
metastases (1,2). As patients with DTC generally do not undergo chemotherapy or other
radiotherapy prior to radioiodine therapy, this patient group is ideally suited for the
investigation of the DNA damage in blood lymphocytes after protracted, nearly homogeneous
whole-body irradiation. In this setting, all organs, including the blood, are irradiated by B-
particles emitted from circulating 3!l and from penetrating y-radiation originating from activity
dispersed throughout the body. The absorbed dose and dose rate to the blood is assessed by
defining the time-activity curves in the blood and the whole body, integrating the
corresponding time-activity curves and calculating the absorbed dose according to European
Association of Nuclear Medicine (EANM) standard operating procedure (SOP) for DTC (3).

lonizing radiation (IR) does not only destroy the malignant iodine avid cells, it can also
damage healthy tissues and cells. Among the elicited damage, DNA double-strand breaks (DSBs)
are the most crucial lesions for the healthy tissue because their repair is difficult and faulty DNA
repair leads to mutations, chromosomal aberrations or cell death.

In general, DSBs evoke a DNA damage response during which the DSB signal is amplified and
several repair routes are induced that involve proteins that can serve as biomarkers(4).

The formation of a DSB in nuclear chromatin results in the rapid phosphorylation of the
histone H2 variant H2AX, then called y-H2AX (5-7). Furthermore, DSBs also recruit the damage
sensor protein 53BP1 to the chromatin around DSBs (8—12), which leads to 53BP1 and y-H2AX
co-localization in the chromatin surrounding a DSB (8,10,13-15). By immunofluorescence (IF)
staining with y-H2AX and 53BP1 antibodies those biomarkers can be addressed as
microscopically visible fluorescent foci (14-16). With progression of DSB repair, y-H2AX and
53BP1 foci disappear (17).

At present, there are only two studies that quantified radiation-induced DNA damage foci
formation after therapy of differentiated thyroid cancer (DTC) with the isotope 3!l either using

radiation-induced co-localizing y-H2AX and 53BP1 foci (18) or y-H2AX foci alone(19). More



recent studies addressed y-H2AX foci formation after ’Lu therapy of neuroendocrine tumors
(16,20). In these studies the authors observed elevated levels of radiation-induced DNA damage
foci after treatment, but a clear dose-response relationship could only be established in one
study (16).

The aims of the present study were therefore, a) to compare the in-vivo dose response in the
first hours after therapy to an in-vitro calibration curve established recently in our laboratory
(15), and b) to describe the temporal and dose-dependent behavior of the radiation-induced

foci (RIF) in radiation treatment-naive patients after their first radioiodine therapy (RIT) with

131|

MATERIALS AND METHODS

Research Design and Subjects

Patients referred to our center for initial treatment with radioiodine after surgery for
differentiated papillary or follicular thyroid carcinoma were included in this study. Before
treatment, each patient received 3-8MBq of 1| for thyroid bed tracer uptake measurement to
screen for thyroid remnants large enough to require re-operation. Patients with a 24h iodine
uptake of more than 5% in the thyroid bed were excluded from the study. Higher uptake in the
thyroid bed would affect the dosimetry calculations. No patient had a history of leukemia or
lymphoma, radio- or chemotherapy; none underwent an X-ray examination or, other than the
remnant tracer uptake measurement, scintigraphy within <3 months before radioiodine
therapy. The research plan was presented to the ethics committee of the Medical Faculty of the
University of Wirzburg (Az: 112/11). The ethics committee approved the study by stating that
there were no objections to the conduct of the study. Prior to the study, all patients gave their
written informed consent. For treatment, the patients were hospitalized for at least 48 hours,

normally up to 3-4 days.

Blood sampling and activity determination of blood samples



Blood samples were drawn in all patients prior to administration and nominal at 0.5h, 1h, 2h,
3h, 4h, 24h, 48h and up to 168h after administration using Li-Heparin blood collecting tubes (S-
Monovette, Sarstedt, Germany). For an exact quantification of the blood activity concentration,
an aliguot of 0.1mL of each heparinized blood sample was measured in a well counter
(Canberra, Germany) or in a high-purity germanium detector (Canberra, Germany). The
counting efficiencies of both detectors were determined by repeated measurements of a NIST-
traceable standard. The measured values were decay-corrected to the time of blood drawing.
The statistical error of the activity determination was less than 1% for the blood samples taken

at the first day. The statistical error increased for later time points, but was always less than 5%.

Blood sample preparation for the DNA damage focus assay

The separation and fixation of the white blood cells and the counting of the identified DSB
foci followed the protocol described in detail in Eberlein et al. (16) and the DSB foci staining was
performed according to Lassmann et al. (18) and Lamkowski et al. (14). Briefly, white blood cells
were obtained by density centrifugation (CPT Vacutainer tube, BD, Germany) and fixed in ice-
cold 70% Ethanol. Samples were kept at -20°C until immunostaining for y-H2AX and 53BP1 using
primary antibodies against y-H2AX (Millipore) and 53BP1 (Acris Antibodies) that were detected
with secondary goat anti-mouse Alexa-488 and donkey anti-rabbit Cy3-labeled antibodies (both
Dianova), respectively. The number of DSB repair protein foci was analysed by an experienced
investigator (HS) in lymphocyte nuclei (n=100 peripheral blood lymphocytes/sample) by manual
focus counting using a red/green double band pass filter (AHF) and 63x lens of a Zeiss
Axioimager 2i fluorescence microscope equipped with the ISIS fluorescence imaging system
(MetaSystems).

Counting the blood sample before therapy gave us the baseline, background foci rate. This
rate was subtracted from the DNA foci count rates obtained after irradiation, which resulted in

the average number of RIF per cell.

Measurement of the whole-body retention

Whole body activity retention was determined in all patients by external dose rate

measurements according to the methodology described by the EANM SOP for patients with DTC



(3). Dose-rate measurements were performed by use of a ceiling-mounted shielded survey
meter (automess GmbH, Germany) at a fixed distance of 2.5m above the patients’ beds. The
first patient measurement was carried out immediately after administration (approximately 15
minutes after 13| application) and at least two times per day thereafter. Data were normalized

to the first measurement.

Calculation of the time-integrated activity coefficients and the absorbed doses

The calculation of the time-dependent time-integrated activity coefficients for the total body
(tb) (tw (t)) and the blood (bl) (tmiof bl (t)) and the absorbed doses (Duig(t)) after administration of
131] were performed according to the EANM SOP (3) and as described previously (16). These
coefficients are obtained by integrating the respective time-activity curve from 0 to the time
point t (instead of infinity). Since we took multiple blood samples and measured the retention
of the whole-body up to 168h after therapy, the corresponding time-activity curves for 13! were
fitted by bi- or tri-exponential functions.

As the activity was administered orally, the iodine washout from the stomach to the blood
circulation needs to be taken into account. According to Leggett (21) the iodine uptake is 5% per
minute. Therefore, we assumed a linear iodine uptake within the first 20 minutes for the time

activity curve of the blood and the bi- or tri-exponential fits were performed from t=20 min. The

absorbed dose 5b, (t) after 20 minutes was calculated as follows:

. Gy -ml 0.0188 Gy -kg”
D, (t)_AO.(los m-fmlofbl (t)+ e r— Ty (t) (1)

Aopdenotes the administered activity and wt represents the patient’s weight in kg.

Modelling the time-dependency of the focus induction and disappearance

The modelling of the time-dependency of the DSB focus induction and disappearance
followed the method described previously (16). The number of RIF/cell as a function of the
time-dependent absorbed dose and the disappearance of the foci are described in the early
hours of treatment by a linear dose-dependent increase, with the parameters taken from our in-

vitro calibration curve (15) and a bi-exponential decay representing DNA repair:



N(t)=(a+m-b-Du(t))-(k-e* +(1—k)-e™) 2)

N(t): number of RIF/cell at time t

a,b: Constants taken from the in-vitro calibration curve (15); they describe the number of
RIF/cell as a linear function of the time-dependent mean absorbed dose Dh(t)
(a=0.0363 RIF/cell; b=0.00147 RIF/cell-mGy). The in-vitro calibration curve was generated with
blood samples of volunteers that were irradiated internally with 3! and ’’Lu with absorbed
doses up to 100 mGy. The number of RIF/cell increased linearly with the absorbed dose to the
blood.

m: Adjustable parameter to account for the variability in the patient dosimetry with respect to
the linear in-vitro calibration function (15).

k: Adjustable parameter describing the fraction of damage assigned to different repair rates.

A, u: Patient-specific adjustable parameter describing the decay rate of foci.

Statistics

Origin (Version 9.1G+2015G, Origin Lab Corporation) was used for data analysis and
statistical evaluation. Normal distribution of the data sets was tested using the Shapiro-Wilk
test. Changes in RIF/cell values sets at different time points were compared by the paired

Wilcoxon signed-rank test. Differences are considered to be significant if p<0.05.

RESULTS
Patients

Twenty patients (8 male / 12 female) with a mean age of 55.1+17.1 years were recruited and
included in this study. More details on the patients’ demographics are given in supplemental
Table S1. Most of the patients (n=16) presented with papillary thyroid cancer. The patients
received a mean of 3.5+0.3GBq 3!I-iodide for their first therapy. All patients except one (P35)
were treated while being hypothyroid.

Thereafter, patients were admitted to our ward and hospitalized for at least three days (15

patients) or even more until the external dose rate dropped below 3.5uSv/h at a distance of



2.5m during their hospital stay. The majority of the blood samples and measurements were
taken during this time period. For some patients, final blood withdrawal and dose rate
measurements were performed when they were scheduled for their final post-therapeutic
gamma camera imaging. All patients responded well to the treatment or showed disease

stabilization at follow-up. No therapy or study-related adverse events were observed.

DNA Damage Foci

Peripheral blood lymphocytes were stained immunofluorescently for y-H2AX and 53BP1
(14,18). DNA damage foci were manually enumerated for co-localizing y-H2AX/53BP1 DSB-
marking foci. Average numbers of RIF per cell were calculated for each patient sample (figure 1)
as a function of time after administration of the radiopharmaceutical. The average number of
RIF/cell increased in the first hours after therapy, declining at later time points (figure 1, Table
1). The actual time points differed slightly because of variations in the individual patient
management. The mean number of foci varied between 0.50+0.14RIF/cell at t=4h,
0.31+0.10RIF/cell at t= 24h, and 0.18+0.09RIF/cell at t=48h after administration of 131.

Only datasets of 4h and 48h were distributed according to a Gaussian distribution (Shapiro
Wilk test). Therefore, we chose a non-parametric test (Wilcoxon signed-rank test) to compare
the datasets at 4h, 24h and 48h. Applying the Wilcoxon signed-rank test to those time points
revealed that there was a statistically significant decrease between the number of RIF/cell at
these time points (p<0.05) confirming the observation that the number of RIF/cell declined 5 h

after administration of the radiopharmaceutical (see figure 1).

Dosimetry

The absorbed doses to the blood for the individual patients were calculated according to the
EANM SOP(3). The mean absorbed dose was 66+17mGy at t=4h, 205+49mGy after 24h,
263+63mGy after 48h, and the total absorbed dose after administration was 367+105mGy
(Table 1). The specific total absorbed dose to the blood in all hypothyroid patients was
100£22mGy/GBq. This value is in good agreement with the value of 93+ 35mGy/GBq found in

our previous study (18), further confirming the validity of the method.



The absorbed dose to the blood increased steeply in the first few hours after therapy (figure
2A). In most patients, 50% of the total absorbed dose to the blood was reached within the first
24 hours (figure 2B). In accordance with this observation, the dose-rate declined until it was
<0.5mGy/h after 80h. For overview, figure 3 shows the average RIF/cell values of an exemplary

patient (P45) as a function of the absorbed dose to the blood.

In-vivo calibration of the DNA damage focus assay

A fit within the first 4-5 hours as performed in the publication with ¥’Lu patients (16) after
administration of the radioactivity could not be performed. The reason was the observation of a
slower increase of the number of RIF/cell after 2 h. For the in-vivo calibration, therefore, only
the first 2 hours after administration of the radioactivity or the first two data points were
considered. Those datasets were pooled and the average number of RIF/cell as a function of the

absorbed dose were fitted linearly:
y=0.0064- RIF/cell+0.0117 -RIF/cell-mGy™ - x (3)

y denotes the number of RIF/cell and x the absorbed dose to the blood in mGy (R?= 0.86). The
standard error of the y-axis intercept is £0.0089 RIF/cell and the standard error of the slope is
+0.0006 RIF/cell mGy*. The resulting in-vivo calibration curve for our experiments including a
95% confidence interval is shown in figure 4 in black.

In a previous study we obtained an in-vitro calibration in blood samples of volunteers for 31|
and Y’Lu (15). For comparison, this in-vitro calibration curve is shown in red in figure 4. The
slope for the patient data is smaller with a relative deviation of the slopes of 20% between the
in-vitro calibration and the in-vivo data.

Compared to the fit of the ’Lu patients (16), the 13!l in-vivo fit has a slope which is 7.9%
lower. This is most likely caused by the early onset of a fast DNA damage repair component in

the 13| patients.

Modeling

Individual fits of the patient foci data after the first RIT were performed according to eq. 2
using the datasets for the biokinetics of blood and whole-body. Variable parameters to be fitted

were m, A, k and v (Table 2). The bi-exponential fit converged for 12 patients. Three patients



showed a very fast decay of the number of RIF/cell (P40, P42, P44). For these patients the fit did
not converge. Three patients (P30, P33, P39) were released from the ward 48h after
administration, therefore, blood samples could not be taken at later time points, and,
consequently, a bi-exponential fit was impossible. For patients P37 and P47 a mono-exponential
decay represented the RIF/cell data better although their blood samples were taken at time-
points 248h; the mean values including their standard deviations were taken from the 12
patients for whom the fit converged and had three or more data points >24h (Table 2).

In general, the data followed a straight line for the first 1-2 hours after 3| administration.
The mean value of the fit parameter m, which accounts for the variability in the patient
dosimetry with respect to the in-vitro calibration, was 1.10£0.53 (minimum 0.56, maximum:
2.50). The mean (fast) decay rate (A) for all 12 patients was 0.325+0.128h! (minimum: 0.15h,
maximum: 0.66h1). The (slow) decay rate v ranged from 0.01h"*to 0.08h* (mean: 0.040+0.020h"
1). The mean value for k was 0.758+0.129 indicating that about 76% of the DNA damage is
repaired with a high decay rate. Expressed as half-lives the mean values of the fast decay is
Ttast=2.1h and Tsiow=17.3h.

The time-dependent response function (equation 2) shown in figure 5 (green curve) is based
on the mean parameters provided in table 2. According to this function the highest number of
RIF/cell can be expected 3.2 hours after administration of 3!I. After 148h the mean DSB foci
values drop below the maximum standard deviation of the background RIF/cell value of 0+0.04
RIF/cell. The standard deviation of the background foci includes the counting error, therefore
each data point is considered with appropriate error propagation, even the baseline value of the
RIF/cell at OmGy. This means that some patients still have slightly elevated numbers of RIF, even

up to 4 days after treatment started.

DISCUSSION

There is a limited number of publications investigating the effect of DSB induction after
radionuclide therapy or diagnostics (16,18-20,22). However, nuclear medicine treatments
involve systemic internal irradiation as compared to external irradiation (e.g., in radiotherapy).

After nuclide incorporation the cells are irradiated by internalized and extracellular 3!l not only

10



for seconds or minutes but are continuously irradiated over a longer period with permanently
changing dose rate. This could alter the effect of radiation damage compared to a fractionated
high dose rate partial body irradiation in radiotherapy. In a previous peptide receptor
radionuclide therapy (PRRT) study with ¥”’Lu we reported a first linear relationship between the
number of RIF/cell and the absorbed dose to the blood only over the first 4 to 5 hours after
therapy start (16). After this period, the disappearance of the DSB foci was reflected by the
decay of the RIF/cell numbers.

This study with 31| showed a similar relationship; however, the time period of the linear
dependence was reduced to 2 hours after administration of the B-emitter 31| (see figure 1B)
indicating a faster decay of the RIF/Cell number. The time points after 2h were characterized by
a diminishing number of radiation-induced foci in accordance with the progression of DNA
repair and the declining dose rates. This finding agrees well with our previous studies that
showed the highest value of RIF/cell at early time-points with subsequent, statistically
significant reduction of the of RIF/cell numbers at later time-points (16,18).

Analysis of y-H2AX/53BP1 foci kinetics in peripheral blood lymphocytes of 16 patients
undergoing PRRT (16) revealed, however, likely due to the short time period of measurement
after therapy (< 48h), only a mono-exponential decay curve (16). Compared to our previous
study in patients after PRRT there is a deviation from a straight line in this study at time points
>2h after 31| administration. This might be caused by the higher mean absorbed dose imparted
to the blood in the first hour after treatment (14+5 mGy for ’Lu PRRT", 23+8 mGy for 31| RIT).
This effect mirrors the one for the differential foci response of human fibroblasts after
irradiation with X-rays for absorbed doses >10mGy (23).

The disappearance of RIF/cell as a function of time has been quantitatively described by Horn
et al. (24), Mariotti et al. (25) and Eberlein et al. (16). The values reported in this study for the
slow and fast component of decay were in good agreement with the findings of Horn et al. (24),
characterizing the disappearance of RIF/cell by a bi-exponential response function with a short
decay rate of 0.35h (77%) and a longer-lived component of 0.018h* (23%). The range of our
RIF/cell decay rate for the fast component is within the value ranges of Horn et al. (24) and

Mariotti (25) (0.23h'). The slow decay component by Mariotti et al. does not contribute greatly

* Unpublished data taken from our PRRT study
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to the decay of RIF/cell (probability: 9%) and is <101*ht. Most likely, their way of irradiating the
cells does not compare to our case of continuous internal irradiation with decreasing dose rate.
Several RIT patients showed a fast mono-exponential decay rate, pointing at the fact that
their DSB repair could have been more effective as compared to the other patients. However,
for these patients no obvious link between this finding and the pre-treatment or stage of the

disease could be found.
Further studies with more patients, other isotopes and/or radiopharmaceuticals showing

different kinetics of the tracer in the blood are needed to better identify repair kinetics and

patients with different repair rates.
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CONCLUSIONS

This study describes the kinetics of 3!l incorporation-induced DSBs in blood lymphocytes
during radioiodine therapy as a function of the absorbed dose to the blood. In the first hours
after therapy the number radiation-induced DSBs per cell increased linearly with the absorbed
dose and mirrored our recently established in-vitro calibration curve. At more advanced time-
points after administration of the radiopharmaceutical, the induction of a fast and a slow repair
component of the double-stranded DNA damage was seen. In this study, we found a dose-
dependent analytical function describing the internal 3! irradiation-induced time course of

induction and decay of DSB foci in RIT patients.
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Table 1: Number of RIF/cell and absorbed doses to the blood at different time points

Patient Background @ Absorbed # of Absorbed # of Absorbed # of Total
ID foci values Dose RIF/cell Dose RIF/cell Dose RIF/cell Absorbed
(mGy) t=4h’ (mGy) t=24h8 (mGy) t=48h* Dose
t=4h® t=24h® t=48h* (mGy)

P27 0.024 98 0.650 284 0.310 344 0.240 366
P29 0.020 52 0.460 139 0.310 169 0.110 299
P30 0.045 53 0.240 208 0.400 331 0.260 594
P31 0.024 51 0.390 163 0.410 203 0.170 370
P32 0.028 72 0.510 252 0.360 340 - 429
P33 0.047 98 0.560 270 0.370 328 0.210 350
P34 0.042 61 0.370 199 0.280 262 0.120 301
P35 0.040 59 0.340 149 0.390 203 0.300 665
P36 0.020 69 0.730 225 0.380 272 0.260 315
P37 0.020 55 0.410 186 0.290 231 0.070 340
P38 0.032 56 0.350 195 0.300 269 0.230 322
P39 0.024 60 0.360 156 0.140 207 0.050 256
P40 0.063 69 0.700 208 0.120 254 0.130 420
P41 0.037 86 0.540 265 0.280 347 0.220 401
P42 0.014 79 0.670 214 - 263 0.240 285
P43 0.035 92 0.630 286 0.370 363 0.210 418
P44 0.071 57 0.380 192 0.050 230 0.000 269
P45 0.035 63 0.640 205 0.390 264 0.170 380
P46 0.042 37 0.500 112 0.300 138 0.320 275
P47 0.079 56 0.520 183 0.390 247 0.100 286
MEAN 0.037 66 0.498** 205 0.307** 263 0.179** 367
SD 0.004 17 0.137 49 0.099 63 0.085 105

**Statistically significant differences (p< 0.008), *Nominal time points, SD: standard deviation
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Table 2: Individual fit parameters for equation 2

Patient ID m A k v
h? h?

P27 1.010 0.284 0.883 0.034
P29 1.868 0.659 0.723 0.080
P30* 0.338 0.058 1 -

P31 1.050 0.414 0.520 0.058
P32 0.750 0.207 0.782 0.035
P33* 0.524 0.072 1 -

P34 0.657 0.215 0.542 0.051
P35 0.949 0.365 0.825 0.010
P36 1.027 0.281 0.945 0.015
pP37** 0.639 0.083 1 -

P38 0.728 0.260 0.673 0.036
P39* 0.461 0.098 1 -

P40 fit did not converge

P41 1.254 0.428 0.837 0.056
P42 fit did not converge

P43 0.566 0.153 0.790 0.026
P44 fit did not converge

P45 1.335 0.301 0.683 0.056
P46 2.504 0.336 0.896 0.020
P47** 0.875 0.076 1 -
Mean 1.101 0.325 0.758 0.040
SD 0.532 0.128 0.129 0.020
Median 1.019 0.293 0.786 0.036

* Latest time point: 48h

** For these patients a mono-exponential function described the RIF/cell data best
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Figure 1: Average RIF/cell as a function of time after administration of 13| for time points Oh-168h (A) and a detailed view of time points

Oh-5h (B).
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Figure 2: Absorbed dose (A) and dose rate (B) to the blood for patient P45 as a function of time
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Figure 3: Average RIF/cell as a function of the absorbed dose to the blood for patient P45. The time points of the blood withdrawals
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Figure 4: Average number of RIF/cell as a function of the absorbed dose to the blood (A) for the first 5 hours after 13! administration
and (B) for the first 2 h after administration. Black line: linear fit to our 13!| patient data including the 95% confidence interval (Cl), Red

line: in-vitro calibration. Curve taken from Eberlein et al. (15)
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Figure 5: Average number of RIF/cell as a function of time after 3| administration (A). The green curve represents the response
function according to equation 2 using mean values for all parameters. The right panel (B) shows a more detailed view of the response

function for the first 5 hours after 31| administration.
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