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Abstract Radionuclide therapy using I-131 is commonly
used for the treatment of benign thyroid diseases. The thera-
peutic dose to be administered is calculated based on the type
of disease, the volume of the thyroid, and the measured uptake
percentage. This methodology assumes a similar biological
half-life of iodine, whereas in reality a large variation in bio-
logical half-life is observed. More knowledge about the actual
biological half-life of iodine for individual patients will im-
prove the quantification of the delivered radiation dose during
radioiodine therapy and could aid the evaluation of the success
of the therapy. In this feasibility study we used a novel mea-
surement device [Collar Therapy Indicator (CoTI)] to measure
the uptake curve of patients undergoing I-131 radioiodine
therapy. The CoTI device is a light-weight wearable device
that contains two independent gamma radiation detectors that
are placed in a collar. By comparing results of thyroid uptake
measurements with results obtained with a gamma camera, the
precision of the system is demonstrated. Additionally, for
three patients the uptake curve is measured during 48 h of
admission in the hospital. The presented results demonstrate
the feasibility of the new measurement device to measure the
uptake curve during radioiodine therapy.
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Introduction

The unique ability of the thyroid gland to concentrate iodine
has been exploited to diagnose thyroid diseases and the first
reports of successful treatment of hyperthyroidism using ra-
dionuclide therapy date back to 1941 [1, 2]. Since these first
reports, [-131 radionuclide therapy has become a well-
established option for the treatment of benign thyroid dis-
eases, as well as thyroid cancer.

The planned radiation dose to the thyroid gland depends on
the type of disease. In guidelines this is commonly converted
to a required target concentration of I-131 in the thyroid (in
MBg/mL) 24 h after administration. According to the recom-
mendations of the Dutch Society of Nuclear Medicine
(NVNG) patients with Graves’ disease and patients with eu-
thyroid multinodular goitre are treated with an I-131 concen-
tration of 4 MBq/mL 24 h after administration. Toxic adeno-
ma is treated according to these recommendations with a fixed
dose of 740 MBq or with a planned concentration of 8 MBq/
mL. Patients with toxic multinodular goitre are recommended
to be treated with a concentration of 4 or 8 MBg/mL, depend-
ing on other clinically relevant parameters.

The European Association of Nuclear Medicine (EANM)
gives recommendations for the planned radiation dose for the
specific thyroid diseases, following a similar approach [7]. For
toxic or nontoxic multinodular goitre an absorbed radiation
dose of 100-150 Gy is recommended, requiring about 3.7—
5.5 MBg/mL I-131 at 24 h after administration. In patients
with autonomous nodules, the recommended dose is 300—
400 Gy. In patients with Graves’ disease, the dose with the
aim of restoring a euthyroid status is approximately 150 Gy,
whereas the dose to achieve complete ablation is in the range
200-300 Gy.

These guidelines assume a fixed biological half-life of io-
dine in the thyroid, whereas in reality a large variation in
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biological half-life is observed [3—6]. This missing parameter
results in a large uncertainty in the actual delivered radiation
dose to the thyroid.

According to these guidelines, the activity to be adminis-
tered (D) can be calculated using information about the uptake
percentage, the volume of the thyroid and the desired concen-
tration of [-131 using the following formula:

D =K-V/U (MBq) (1)

where V is the volume (in mL), K the planned activity con-
centration in the thyroid (in MBg/mL multiplied by 100) and
U the uptake of iodine (in % of the total administered dose) in
the thyroid after 24 h. The uptake can be estimated by an
uptake measurement, in which the measured number of counts
in the patient’s thyroid are compared to a phantom measure-
ment of a sample amount of I-131 or I-123 and the adminis-
tered activity. The volume of the thyroid is determined by
palpation, ultrasound imaging or scintigraphic imaging. [7]

Following the Dutch radiation protection regulations the
patient can be discharged from the hospital when the external
radiation dose rate is less than 20 uSv/h measured at a distance
of 1 m. As a result, administration of a therapeutic dose of
I-131 may require isolation of the patient in the hospital for
radiation safety purposes if the administered dose is above
400 MBgq.

Using the described method mentioned above and formula
1, the delivered radiation dose is calculated from the adminis-
tered activity, the pre-therapeutic uptake measurement and the
thyroid volume. One of the main assumptions in this approach
is that the effective half-life of the iodine is the same for all
patients with a similar thyroid disease, whereas in practice this
can vary considerably [1]. To determine the actual delivered
thyroid radiation dose it is, therefore, necessary to have infor-
mation about the actual uptake curve of a patient. To deter-
mine the patient-specific activity uptake and discharge over
time, repeating scans should be made. However, making
SPECT or whole-body (WB) scans more frequently is time
consuming and, therefore, expensive and challenging from a
radiation safety point of view. Especially in the first 24 h after
the administration of I-131 transporting the patient to the de-
partment of nuclear medicine is undesired.

Because in practice the uptake curve is often not measured
during therapy, the actual delivered thyroid radiation dose is a
missing parameter in cases where the radionuclide therapy
was clinically unsuccessful or only partly successful. The ac-
tual delivered thyroid radiation dose could give useful infor-
mation whether the patient should be given a new radionu-
clide therapy and with which dose.

A number of methods have been developed to measure the
I-131 uptake curve in the thyroid, which are all based on repetitive
measurements using existing procedures. The uptake of I-131 is
generally determined using a gamma camera or a gamma probe.
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Using a gamma camera (either planar images or SPECT) the
time-dependent uptake curve can be measured by repeating these
measurements at different time intervals after administration [8].
These repetitive measurements have only been used to study the
average uptake curves on a (small) set of patients, because of
practical limitations. An alternative approach is to use a gamma
probe, positioned in front of the patient’s neck, which can give
similar results as those obtained with the gamma camera [9, 10].
To determine the uptake curve, the measurement is repeated at
different time intervals after administration [3, 4]. Even though
this is practically feasible and reduces the costs, this has not been
routinely used to determine the individual uptake curve for a
patient.

We have used a new and simple measuring device that
measures the I-131 uptake in the thyroid. The device can eas-
ily be attached with a collar around the neck and can be used
to measure continuously or to perform a sequence of measure-
ments. The additional advantage of the system is that the mea-
surements can be performed by the patients and no presence of
staffis required, thereby eliminating the issue of staff radiation
exposure. In this paper we will describe the Collar Therapy
Indicator (CoTI) system and present the first results of a fea-
sibility study of the system.

Material

CoTI (Collar Therapy Indicator) is a new type of device that
provides gamma count information from a patient undergoing
radionuclide therapy. It is a small, light-weight wearable de-
vice that has up to 4 independent gamma radiation detectors
that can be placed anywhere on the body. The CoTI device
that was used in this study is a prototype and is fabricated by
AG Medical (Saint-Aubin, France).

Each CoTI gamma radiation detector contains a single silicon
photo-multiplier (SiPM) device with a CsI(T1) scintillation crys-
tal. The active detection surface is 3x3 mm®. Data acquisition
electronics within the small detector read and condition the pho-
ton pulse signal from the SiPM to produce the number of counts
per second. This data is digitised and the detector’s on-board
processor communicates this information to the CoTI Control
Unit. The Control Unit stores this data in non-volatile memory
and sends it via a wireless connection to the CoTThandheld tablet,
which collects and displays the data. In the current version, no
energy discrimination is included in the detectors, measurements
are performed with an open energy window.

Two detectors are placed in a disposable collar at
predefined positions. After wrapping the detectors in dispos-
able plastic sleeves and an additional soft wrap around the
collar, the collar can be positioned around the patient’s neck
to perform the measurements, as demonstrated in Fig. 1.

The measurement protocol of the device is adjustable and
can be used to perform a single set of measurements or a



Eur J Nucl Med Mol Imaging (2017) 44:935-940

937

CoTi attached to collar

Detector module

Fig. 1 Demonstration of CoTI and detector module. The dimensions of
the detector module are 50 x 30 x 18 mm?®

multi-phase set of measurements. For a single set of measure-
ments, the measurement time can be set (in minutes), and the
options are two, three, four, or five measurements per minute.
For a multi-phase set of measurements, one can define the
total length, the interval time between measurements and the
integration time of each measurement for every phase. The
battery lifetime of the control unit depends mainly on the
amount of data points that are acquired (standby time usage
is very low), in practice a full battery storage can easily ac-
commodate measurements of a therapy patient until discharge
from the hospital (typically after 48 h).

Methods
Reproducibility and accuracy measurements using 1-123

To determine the accuracy of uptake measurements, we used the
CoTI to perform I-123 uptake measurements and compared this
with the standard clinical protocol to determine the uptake value
based on a planar gamma camera measurement (Ecam,
Siemens). The CoTI based uptake measurement was performed
with 20 patients who underwent an uptake measurement. On
each patient-day a reference measurement using a standard ac-
tivity of § MBq of I-123 was performed with the CoTI to calculate
the sensitivity of the CoTI system. The activity was positioned in
a cylindrical phantom that resembles the thickness and attenua-
tion properties of the patients neck. This procedure is similar to
the routine method using the Siemens Ecam camera with a pin-
hole collimator. The reproducibility of the measurement system
is determined by determining the variation of six subsequent
sensitivity measurements using the phantom. The CoTI uptake
measurement consisted of short acquisitions of 3 min and was
performed on 20 patients who were scheduled for I-123 uptake
measurements.

Linearity measurements using I-131

Linearity measurements were performed using an I-131 cap-
sule dissolved in water, measurements were repeated over a

period of 7 weeks until the linear regime was reached. At the
start of the measurements the activity of I-131 was approxi-
mately 500 MBq, which is expected to be the maximum ac-
tivity that will be measured in the thyroid during therapy.

Feasibility and reproducibility using I-131

To show the feasibility of this system to measure the activity
uptake curve, three patients who were clinically treated with
I-131 radionuclide therapy were monitored. These patients
underwent repeated measurements with the CoTI during their
clinical admission. In addition to the activity uptake curve,
also practical experience was obtained to further study the
feasibility of this method for the measurement of uptake
curves.

To study the reproducibility of the system, repeated mea-
surements were performed on one patient. To simulate the
measurements with therapy patients, the patient was asked to
position the collar as accurately as possible in the centre of the
patient’s neck. In between the subsequent measurements, the
collar was taken off and repositioned. These results are a mea-
sure for the reproducibility of the measurements, including
variations in repositioning the collar.

Results
Reproducibility and accuracy measurements using 1-123

To verify the reproducibility of the results, the different sensi-
tivity measurements with the phantom are compared as shown
in Fig. 2. The uncertainty of the data points shown in Fig. 2 is
3%, determined from the observed fluctuations during the
measurements. From these results a mean value of the sensi-
tivity of 2.2 x 10? cps/MBgq is obtained with a standard devi-
ation of 15 cps/MBq. Because for these measurements the
activity is determined with a dose calibrator, the error from
the dose calibrator is included in this standard deviation. The
observed standard deviation results in a coefficient of varia-
tion of 0.07, indicating that the phantom can be measured with
a relatively good precision of 7%.

The results from the CoTI plotted against the uptake values
of the gamma camera, are shown in Fig. 3. The uncertainty of
these measurements are calculated by adding the errors from
the fluctuations during the measurements and the uncertainty
from the sensitivity measurements. The specific uptake values
cover almost the entire range between 0 and 100%. The coef-
ficient of determination between the two methods is 0.87,
which is generally seen as a good agreement between two
methods.

After demonstrating the capability of measuring the activ-
ity in the thyroid for I-123 uptake measurements, the next step
is to show the possibility to use CoTI for monitoring during
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I-131 therapy. Before monitoring clinically treated patients
with CoTI, the two main difficulties are studied. First of all,
linearity of the detectors is tested for the higher count rates that
are expected due to the higher administered activity for I-131
treatment. Additionally, repeated measurements of the same
patients are taken to show the reproducibility of repositioning
the collar and performing subsequent measurements.

Linearity measurements using I-131

The results of the linearity measurements are plotted in Fig. 4.
The inaccuracy of these individual data points is approximate-
ly 3%, as determined from the fluctuations of the measure-
ments. From these results it is concluded that the linear regime
extends to a count rate of approximately 2000 cps. By (linear)
interpolation of this curve, a correction factor is determined
that is used to obtain the actual count rate for I-131 measure-
ments with a count rate above 2000 cps.

Feasibility and reproducibility using 1-131

To determine the reproducibility of the measurements, a ther-
apy patient was asked to repeat the same measurement six
times and take the collar off after each measurement. This
takes variations of the position of the collar, as well as

Sensitivity meaurement

deviations from the measurement device into account and
gives an estimate of the reproducibility of the measurements.
The measurements show very similar values and the standard
deviation is 346 cps, corresponding to a coefficient of varia-
tion of 0.02. From these results it is concluded that when the
patients are correctly instructed, repositioning of the collar is
possible with a relatively good precision.

To demonstrate the feasibility of the CoTI system to mea-
sure individual uptake curves, three clinically treated patients
were included. Patient 1 was treated for Graves’ disease and
patients 2 and 3 were treated for toxic multinodular goitre.
Because the most dynamic situation is expected during the
first hours after administration, the frequency of measure-
ments was highest in the first 6 h. For patient comfort, no
measurements were taken during the night. By monitoring this
part of the uptake curve, it is demonstrated that the uptake of
iodine in the thyroid can be measured easily, as shown in
Fig. 5. The inaccuracy of the data points is 8%, as determined
from the fluctuations during the measurements. After reaching
a maximum level of activity in the thyroid, the remainder of
the monitored 48 h the activity remains relatively constant or
is slowly decreasing. Even though only a limited number of
individual uptake curves have been measured, these prelimi-
nary results demonstrate the feasibility of the CoTI system to
measure thyroid uptake curves.
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Discussion

The CoTI system was developed to enable the measurement
of the actual delivered radiation dose to the thyroid. In this
study the feasibility of the system was evaluated.

The patients experienced no particular issues during the
short measurements of 3 min. Placing the collar around the
neck was done by the therapy patients themselves and this was
found to be rather easy after a brief explanation before the start
of the therapy. Leaving the collar around the patients neck for
a longer period was in some cases problematic, where patients
reported a feeling of discomfort and would prefer to do several
short measurements rather than leaving the collar around the
neck for several hours. From these experiences it is concluded
that short measurements are the best approach and that a suf-
ficient amount of data points can easily be obtained by these
short measurements. Combining these results it is concluded
that from a technological, as well as from a patient perspective
the CoTI system is a promising approach to obtain thyroid
uptake curves during [-131 therapy.

From the obtained results it is concluded that the CoTI
system is feasible to study the thyroid uptake behaviour and
obtain uptake curves; however, there are several limitations to
the current study. First, to obtain more complete data, inter-
mediate data points are required. The intervals missing during

Actual countrate (10° cps)

the evening and night, were not included in this study due to
practical limitations. In addition to these intervals, information
about the retained activity after the first 48 h, when the patient
is discharged from the hospital, is also missing. This latter
phase is essential to calculate the biological half-life of the
I-131 and, therefore, the absorbed thyroid radiation dose.

If measurements are extended beyond this period, the com-
plete thyroid uptake curve can be measured. In a next version
the device will be made more user-friendly such that even
measurements by the patient him/herself at home are feasible.
The aim of this extended version is to measure the complete
uptake curve even after patient discharge. If this information
can be converted to activity in the thyroid by (individual)
calibration of the CoTlI for I-131 and additional information
about the thyroid volume is used, the CoTI measurements
enable one to estimate the actual radiation dose to the thyroid
for individual patients.

Several sources of inaccuracy of the current setup were iden-
tified that need to be addressed if this information is to be used for
accurate dose calculations. First of all the positioning of the collar
around the patients neck. It is shown that this can be done in a
reproducible manner for an individual patient, but variations in
thyroid size and position between patients, as well as the presence
ofhotand cold nodules within the thyroid, will lead to variations.
This variation partly explains the observed individual differences
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in the I-123 uptake measurements, compared to the gamma cam-
era results. By individual calibration (for example by using scin-
tigraphic information) of the sensitivity of the CoTI this inaccu-
racy could be addressed. The non-linearity of the dectectors is a
second source of inaccuracy of the CoTI. This is only a minor
issue and this is already corrected for using linearity correction
factors. A third source of inaccuracy originates from the lack of
energy discrimination of the detectors, resulting in the detection
of scattered photons in addition to the measured primary photons.
The influence of this scatter is not quantitatively investigated, but
an improved detector system using energy discrimination would
reduce the amount of scattered photons in the detected signal.

Conclusions

This feasibility study has shown that the CoTI system is ac-
curate (as shown by uptake measurements), the measurements
are reproducible (as shown by repetitive measurements) and
that the system is able to measure uptake curves, as demon-
strated by the successful measurement of uptake curves for
three therapy patients.

In conclusion, the CoTT system is shown to be a feasible
tool to measure the activity in the thyroid as a function of time,
resulting in a thyroid uptake curve. To calculate the thyroid
radiation dose, additional information including thyroid vol-
ume, and measurement of the thyroid uptake curve for several
days to weeks will need to be performed. With this additional
information, the CoTI system will enable the calculation of the
actual I-131 delivered radiation dose to the thyroid tissue.
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