
Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third 
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:// 
creat iveco mmons. org/ licen ses/ by/4. 0/.

ORIGINAL RESEARCH

Monserrat Fuertes et al. EJNMMI Physics           (2023) 10:50  
https://doi.org/10.1186/s40658-023-00570-7

EJNMMI Physics

Individualisation of radiation protection 
recommendations for patients treated 
with  [177Lu]Lu-DOTA-TATE
Teresa Monserrat Fuertes1,2, Borja Santos Zorrozua3, Emilia Rodeño Ortiz de Zarate4, 
Miguel Ángel Peinado Montes1, Carmen Vigil Díaz5 and Pablo Mínguez Gabiña6,7*   

Abstract 

Background: As for any other nuclear medicine treatment, patients treated 
with  [177Lu]Lu-DOTA-TATE should be given some radiation protection recommenda-
tions after being discharged to limit the dose received by family members and public. 
The restriction periods will depend on the remaining activity at the time of discharge, 
the washout rate and patients’ personal conditions. The activity in patients’ whole-
body follows a bi-exponential behaviour. At the time of discharge only the first part 
of the time-activity curve is known. However, the second phase of the bi-exponential 
curve should be known to individualize the time of restrictions. The main purpose 
of this prospective study was to establish a simple method for calculating the restric-
tion periods based on measurements taken before discharge.

Methods: The whole-body time-activity curve was calculated for 20 patients 
from dose-rate measurements performed during the first week post-administration. 
An effective decay time T 6,24

eff
 was calculated from a mono-exponential fit per-

formed with the 6 h and 24 h measurements and compared with the effective decay 
time T 24,48,168

eff
 obtained from the mono-exponential fit performed with the 24 h, 

48 h and 168 h measurements. The differences between them were calculated 
and the 95th percentile of these differences was used as a correction factor for T 6,24

eff
 . 

A modified effective decay T 6,24
eff, mod

 was obtained by adding the correction factor 
to T 6,24

eff
 and the restriction periods for each patient was calculated. The whole body 

activity washout between the first and the fourth treatment cycles of 16 patients 
was also compared.

Results: The comparison of the whole-body activity curves between the first 
and the fourth cycle of the treatment for 16 patients would indicate that the recom-
mendations on radiation protection determined from the first cycle could reasonably 
be used for the remaining cycles in most patients. The values of T 6,24

eff
 and T 24,48,168

eff
 

obtained for the 20 patients were significantly different. The 95th percentile of the dif-
ferences between T 6,24

eff
 and T 24,48,168

eff
 was 46 h, which is thus the time to be added 

to T 6,24
eff

 so as to determine the restriction periods.
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Conclusions: The proposed method makes it possible to calculate the restriction 
periods for patients treated with  [177Lu]Lu-DOTA-TATE before they leave the hospital 
in a conservative and individualized way.

Keywords: [177Lu]Lu-DOTA-TATE treatments, Radiation protection, Individualized 
recommendations

Background
The  [177Lu]Lu-DOTA-TATE is a radiolabelled analogue of somatostatin used in the 
treatment of neuroendocrine tumours that are positive for receptors of that hormone. 
Treatment consists of the administration of four cycles of 7.4 GBq of the radiopharma-
ceutical, usually every 6–10 weeks [1]. The 177Lu has two main photopeaks at 113 keV 
and 208  keV with a relatively low photon emission yield of 6.20 and 10.38 photons 
per 100 decays, respectively [2]. Due to these gamma emissions it is necessary that 
patients—after being discharged—follow some recommendations that restrict their con-
tact with members of the public and carers so that they do not receive effective doses 
that exceed the legal limits or recommended constraints [3, 4]. Some studies addressing 
radiation protection in treatments with  [177Lu]Lu-DOTA-TATE have remarked on this 
necessity [5–9], and two of those studies reported fixed periods with recommendations 
that patients are told to follow [5, 6]. One of those studies [5] adopted a conservative 
approach and the longest restriction time periods calculated for a group of patients were 
set as recommendation for all patients. However, individualisation of recommendations 
would benefit those patients who could be given shorter time periods to follow the radi-
ation protection recommendations. For instance, in the mentioned study [5] the range 
of days to restrict contact with partner was reported to vary between 3 and 15 d, and 
those patients with a faster excretion would benefit from individualisation of the radia-
tion protection recommendations.

In order to provide patients with individualized recommendations on radiation pro-
tection to be applied after their discharge, it is necessary to have some knowledge of 
the pharmacokinetics of the  [177Lu]Lu-DOTA-TATE in the whole body, which has been 
shown to follow a bi-exponential behaviour with a first fast component and a second 
slow component. The reported effective half-lives of those components are 1.3 h (0.9–
1.5 h) and 50 h (45–57 h) [10], respectively. The excretion of the radiopharmaceutical 
occurs mainly through the urine, and most of this excretion occurs during the first day 
after treatment administration (approximately 64%) [11]. For this reason, some centres 
opt for treating patients as in-patients for 24 h after treatment administration, although 
the treatment could also be performed on an outpatient basis [5, 6, 12], depending on 
national legislation. Whole-body pharmacokinetics for individual patients could be 
derived from dose-rate measurements at a given distance from them and its determi-
nation would be influenced by the acquisition time-points at which those dose-rate 
values are acquired. Measurements to determine individualized radiation protection 
recommendations should ideally be acquired at time points belonging to the slow com-
ponent of the washout, once the patient has been discharged. However, in the clini-
cal practice, radiation protection recommendations are given at the time of discharge, 
and are thus obtained from time-point acquisitions belonging to the fast component 
and the early phase of the slow component, which may diminish the accuracy of the 
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recommendations. Treating patients as in-patients for 24 h would help have some more 
information of the slow component of the washout before discharge.

At the Central University Hospital of Asturias, patients are admitted for 24  h after 
treatment administration and currently all of them receive at discharge the same recom-
mendations on radiation protection. These recommendations consist of avoiding close 
contact with children and pregnant women, sleeping alone in the room and staying off 
work for a period of 10 d. In this study, different aspects related to radiation protec-
tion recommendations were addressed. First, a comparison of the washout of the whole-
body activity between the first and the fourth cycle was performed in order to study the 
possibility of using the radiation protection recommendations determined in the first 
cycle in the remaining three cycles. Second, the individualisation of those recommenda-
tions was addressed, including an optimisation of the data collection necessary to cal-
culate them. To this end, the whole-body activity was measured up to one week after 
administration of  [177Lu]Lu-DOTA-TATE. From the whole-body time-activity curve of 
each patient, effective half-lives of the  [177Lu]Lu-DOTA-TATE in the whole-body were 
determined from dose-rate measurements acquired during in-patient time and after dis-
charge. The radiation protection recommendations obtained using the latter dose-rate 
measurements would be more accurate, but patients are provided with instructions at 
their release, approximately at 24 h post-administration. This study aimed to find a pro-
cedure to determine accurate radiation protection recommendations based on the dose-
rate measurements carried out up to 24 h post-administration.

Method
Patient data

This prospective study—performed at the Central University Hospital of Asturias—
included the twenty patients (14 male and six female), aged between 31 and 79 years, 
treated between 2019 and 2022 for neuroendocrine tumours with  [177Lu]Lu-DOTA-
TATE. The treatment consisted of four cycles, in each of which 7.4 GBq of radiophar-
maceutical were administered. After treatment administration, patients remained as 
in-patients for 24  h. Patients were released when the dose rate at 1  m was below 20 
μSv/h, this value being adapted from the recommendations of the document of the 
European Commission for Radiation Protection following iodine-131 therapy [13]. Insti-
tutional Ethics Committee approval was obtained (reference code: CEImPA 2022.313), 
as well as informed consent from all patients.

Radiation protection recommendations

When a patient is discharged after being treated with  [177Lu]Lu-DOTA-TATE, the effec-
tive dose received by people in contact with the patient must not exceed the legal limits 
or the recommended constraints [3, 13]. This can be achieved by establishing a restric-
tion period, Tr , to follow recommendations based on radiation protection which are 
given to patients when they are discharged. In this study, the following radiation protec-
tion recommendations-based on those appearing in the IAEA report 63 [14]—are set to 
give to patients after they are discharged:

• Avoid spending periods > 3 h at < 1 m and sleep away from partner until…
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• Avoid spending periods > 3 h at < 1 m with other adults at home until…
• Avoid spending periods > 3 h at < 1 m with children at home until…
• Avoid spending periods > 3 h at < 1 m with other persons away from home until…
• You may return to work on…
• Recommended times in public transport in following days after discharge…

Before being given these radiation protection recommendations, patients must 
respond to a questionnaire in which they specify cohabitants and work situation. 
Some of those recommendations would be omitted if they are not applicable (e.g. if 
the patient is not working at the time of discharge).

The effective dose D received by people in contact with the patient can be estimated 
by integrating over time the measured dose rate and taking into account the time that 
those people will spend at different distances from the patient throughout the day. D 
is the sum of two definite integrals: one from the time of discharge to the end of the 
restriction period and another one from the end of the restriction period to infinity. If 
the patient were considered to be a point source, the effective dose D would be given 
by:

where Ḋ1m is the dose rate at 1 m from the patient at discharge time, Teff is the effec-
tive half-life of the slow component of the  [177Lu]Lu-DOTA-TATE in the whole-body, 
tdr is the number of hours per day that people in contact with patient are assumed to be 
at a distance dr during the time period to follow the recommendations, and tdnr is the 
estimated number of hours per day that people in contact with patient will spend at a 
distance dnr after the time period with recommendations, and the summation refers to 
different time periods. However, the use of Ḋ1m in Eq. 1 to determine the dose rates at 
distances shorter than 1 m by applying the inverse square law would be inaccurate, as 
the patient cannot be considered a point source. Therefore, factors that relate the dose 
rate at 1 m to shorter distances— fdr during the restriction time period or fdnr,i after that 
time period—and that can be determined from patients’ measurements were introduced 
in Eq. 1 which becomes:

The time to follow radiation protection recommendations can thus be obtained by 
solving Tr in Eq. 2 and establishing a limit or a constraint for the effective dose, Dl/c , 
for the corresponding population group:

Therefore, the data obtained from patients’ measurements needed to calculate the 
radiation protection recommendations are: Ḋ1m , the dose rate at 1 m from the patient 
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Ḋ1m

24

(

1− 2−Tr/Teff
)

ln2/Teff
fdr tdr +
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at discharge time, and Teff  , the effective half-life of the slow component of the  [177Lu]
Lu-DOTA-TATE in the whole-body.

An Excel spreadsheet (Microsoft Corporation 2007) [15] was developed to calculate 
the restriction periods for each recommendation which will appear in an individual-
ized card to be given to each of the patients after they are discharged. Note that due to 
the presence of the logarithm in Eq. 3, there will be situations where the equation has 
no solution or returns a solution that does not make physical sense. On the one hand, 
for low enough values of Teff and/or Ḋ1m , that is, for patients with a fast clearance, the 
value of the logarithm will be positive and, consequently, Tr will be a negative number. 
On the other hand, for high enough values of Teff and/orḊ1m , that is, for patients with 
slow clearance, the logarithm of a negative number will be obtained, in which case Eq. 3 
would not have a solution. For the former scenario, the value of Tr would be set to 0, and 
for the latter scenario, the number of hours per day in the restriction period would be set 
to 0, that is, in the restriction period the patient should be as much isolated as possible. 
To be conservative, all Tr results were rounded to the next higher whole number.

Measurement of the whole body pharmacokinetics

Six whole-body dose-rate measurements were performed at approximately 0 h, 2 h, 6 h, 
24 h, 48 h and 168 h after at least one treatment cycle for the 20 patients. Data from the 
first and the fourth treatment cycles were included for 16 of the 20 patients. For two 
patients only data from the first cycle were available, as those patients could not finish 
the treatment, and for other two patients only data from the fourth cycle were available, 
as their data from the first cycle could not be acquired. Measurements were performed 
with a pressurized ion chamber survey meter Victoreen 450P (Solon, Ohio, USA) at a 
distance of 1 m from the patient and at the height of the xiphoid appendix. To account 
for the redistribution of activity within patient’s body, two measurements were taken at 
each time point—one in the anteroposterior position and another one in the posteroan-
terior position—and the geometric mean was calculated [16]. The signal-to-background 
ratio was above 40 in all measurements and therefore, none of the measurements was 
corrected for background. The first measurement was performed immediately after 
the administration of the radiopharmaceutical and before the patient had excreted any 
activity. This way, the measured dose rate at each time could be normalized to the activ-
ity administered to the patient, which was calculated by measuring the filled and empty 
 [177Lu]Lu-DOTA-TATE vial on a Capintec CRC-55tR activity meter (Florham Park, New 
Jersey, USA) and correcting for the decay of 177Lu. The remaining activity in the cath-
eters and needles used for administration was ignored. Additionally, dose-rate measure-
ments were performed at 0.1 m and 0.5 m in order to determine the factors introduced 
in Eq. 2 that relate the dose rate at 1 m to those distances.

Effective dose limits and recommended constraints

For adults cohabiting with patients, excluding pregnant women, the effective dose 
constraints for carers and comforters recommended by the European Commission 
[13] were applied. For all other cases, the effective dose limit for members of the pub-
lic given by the Spanish law [17] was used. Treatment with  [177Lu]Lu-DOTA-TATE 
consists of four cycles administered every 6–10 weeks, so those values were divided 
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by a factor 4, except for the case of travelling at public transport. Table 1 specifies the 
limits and constraints considered for each treatment cycle for the different population 
groups.

Assumptions on patients’ contact with other people

During the time period with restrictions, it is assumed that patients may spend 3 h 
per day at 1 m from other people at home, as well as away from home. Patients must 
not return to work until this period ends. After being discharged, they can use public 
transport for a time dependent on the dose rate at 0.1 m. To obtain recommendations 
to be given to patients, the following assumptions were made regarding patients’ con-
tact with others after the period of restricted-contact recommendations ends [18–20].

(a) at home:

• patients will spend 6 h at 1 m and 3 h at 0.5 m from any adult and another 8 h at 
0.1 m with partner when sleeping together.

• patients will spend 15 periods of 35 min per day at 0.1 m from infants of less than 
2 years.

• patients will spend 8  h at 1  m and 4  h at 0.1  m from children between 2 and 
5 years.

• patients will spend 4  h at 1  m and 2  h at 0.1  m from children between 5 and 
14 years.

(b) away from home:
• patients will spend 3 h at 1 m, 2 h at 0.5 m and 1 h at 0.1 m from any person, adult 

or child.
(c) at work:

• patients will spend 8 h at 1 m from adult co-workers.
• patients will spend 4 h at 1 m, 2 h at 0.5 m and 2 h at 0.1 m from children (if work-

ing with them).

(d) on public transport (this assumption applies after patient is discharged):
• patients will travel at a distance of 0.1 m from other passengers.

Table 1 Effective dose limits and constraints considered for each population group

Group of population Limit/
constraint 
(mSv/cycle)

Children; pregnant women; people away from home 0.25

Adults < 60 years old at home 0.75

Adults > 60 years old at home 3.75

Public transport users 1
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Graphical representation and statistical analysis

Graphical representation was performed with Matplotlib [21] and R (R 4.1.3; R Founda-
tion for Statistical Computing, Vienna, Austria) [22], which was also used together with 
SciPy [23] to perform the statistical analysis.

The distributions of the effective half-lives were tested for normality using the Shap-
iro-Wilks test, for which p < 0.05 was considered non-normal. If the distribution were 
non-normal, a two-tailed Mann–Whitney U test would be performed to compare 
results obtained from different methods and, if normal, an independent t-test. A value of 
p < 0.05 was considered significant. Moreover, the uncertainty of the effective half-lives 
was calculated and also the uncertainty in the evaluation of the 95th percentile [24].

Results
Whole‑body pharmacokinetics in the first and the fourth cycles of the treatment

First, in order to address the possibility of determining the restriction periods from the 
pharmacokinetics measured during the first cycle for the rest of the cycles, a comparison 
between the first and the fourth cycle of the curves of the remaining whole-body activ-
ity in percentage, Awb(%) , as a function of the time post-administration was performed 
for 16 patients. Bi-exponential curve fitting by the least-squares method was performed 
using the six dose-rate measurements for each patient and treatment cycle. The uncer-
tainty in the measured values of Awb was estimated by error propagation to be of 20%, 
for uncertainties of 10% in the activity of the vial measured in the activity meter; of 10% 
in the reading of the measurements with the ion chamber survey meter; and of 5% in 
the distance between the ion chamber survey meter and the patient. For each of the six-
teen patients, curves of Awb were represented as a function of time for the first and the 
fourth cycle including the uncertainty of 20% (Fig. 1). It can be noted that for all patients 
except one (patient 15) both curves overlap, which indicates that the recommendations 
on radiation protection determined from the first cycle could reasonably be used for the 
remaining cycles.

Determination of the radiation protection recommendations from dose‑rate 

measurements before patients’ discharge

Curves of the remaining whole-body activity in percentage, Awb(%) , as a function of 
time post-administration were analysed for 20 patients in total. For 18 patients data 
belonged to the first cycle of the treatment, and for two patients to the fourth cycle, as 
it was not possible to acquire measurements in the first cycle. Including data of those 
two patients seems reasonable based on the results of the previous section. Figure  2 
shows the obtained curves, which were derived from the six dose-rate measurements 
at approximately 0 h, 2 h, 6 h, 24 h, 48 h and 168 h acquired at 1 m from the patient. To 
facilitate subsequent calculations and comparisons, the exact points of 6 h, 24 h, 48 h 
and 168 h were calculated on each curve. The bi-exponential nature of the activity wash-
out, with a fast and a slow component, can be noted, and also the notable variability of 
the washout among some of the patients.

Patients were treated as inpatients during the first 24  h after treatment administra-
tion until they were discharged. The median dose rate at the moment of discharge was 
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5.4 μSv/h. Minimum, 1st quartile (Q1), 3rd quartile (Q3) and maximum values were 2.4 
μSv/h, 3.7 μSv/h, 6.5 μSv/h and 19.5 μSv/h, respectively. Differences between the effec-
tive half-lives of the slow components of the bi-exponential curves in Fig.  2 and the 
effective half-lives determined from the whole-body activity values at 24  h, 48  h and 
168 h, T 24,48,168

eff  , were < 0.4%. Those values of T 24,48,168
eff  would describe the whole-body 

Fig. 1 Curves of the remaining whole-body activity as a function of time for the first and the fourth cycle 
corresponding to the 16 patients for whom those data were available, including an uncertainty in the 
remaining whole-body activity of 20%

Fig. 2 Percentage of the remaining whole-body activity Awb(%) as a function of time for the 20 patients 
included in the study
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pharmacokinetics after patients’ discharge and should thus lead to accurate radiation 
protection recommendations using Eq.  3. However, those recommendations should 
preferably be given to patients at the moment in which they are discharged and, there-
fore, a value for the Teff using whole-body activity values determined during the first 
24 h post-administration should be used.

Table  2 shows the values of the effective half-lives considering a mono-exponential 
curve for the whole-body activity washout derived from values at 6 h and 24 h, T 6,24

eff  , 
and from values at 24  h, 48  h and 168  h, T 24,48,168

eff  , for the 20 patients considered in 
this section. The Shapiro-Wilks test showed that neither T 24,48,168

eff  nor T 6,24
eff  followed a 

normal distribution. The median, the minimum, Q1, Q3 and the maximum values are 
also shown in Table 2. The Mann–Whitney test showed that the median values of both 
parameters, T 6,24

eff  and T 24,48,168
eff  , were significantly different (p < 0.05).

Taking into account that T 6,24
eff  values are significantly lower than T 24,48,168

eff  values, 
using T 6,24

eff  to determine the restriction periods in Eq. 3 would underestimate those 
periods, as the pharmacokinetics for the whole-body activity after patients are dis-
charged is better described by the values at 24 h, 48 h and 168 h. In order to derive a 
method to give patients radiation protection recommendations obtained using T 6,24

eff  , 
the 95th percentile of the differences between T 6,24

eff  and T 24,48,168
eff  was calculated as 

well as the uncertainty, and values of 46 h and 4 h were, respectively, obtained. Then, 
the  95th percentile was added to T 6,24

eff  , resulting in a modified effective half-life that 
will further be referred to as T 6,24

eff,mod . The restriction periods calculated by using 

Table 2 Effective half-lives obtained from 6 and 24 h, T 6,24
eff

 , and from 24 h, 48 h and 168 h, T 24,48,168
eff

 , 
for the patients included in the study. The median (minimum, Q1, Q3, maximum) values are also 
shown

Patient T
6,24

eff
 (h) T

24,48,168

eff
 (h)

1 23 ± 6 68 ± 6

2 51 ± 29 70 ± 7

3 21 ± 5 58 ± 4

4 23 ± 6 67 ± 6

5 24 ± 7 58 ± 4

6 32 ± 11 65 ± 6

7 92 ± 95 92 ± 11

8 26 ± 8 53 ± 4

9 20 ± 5 47 ± 3

10 53 ± 32 119 ± 19

11 21 ± 5 44 ± 3

12 32 ± 11 45 ± 3

13 31 ± 11 42 ± 2

14 35 ± 14 54 ± 4

15 12 ± 2 50 ± 3

16 12 ± 2 38 ± 2

17 13 ± 2 35 ± 2

18 22 ± 6 64 ± 5

19 84 ± 79 97 ± 12

20 40 ± 18 57 ± 4

25 (12, 21, 36, 92) 58 (35, 47, 67, 119)
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T 6,24
eff,mod as the effective half-life in Eq. 3 should be a reasonable and conservative sur-

rogate of the restriction periods calculated with T 24,48,168
eff  . Figure 3 shows the values 

of  T 6,24
eff,mod as a function of values of T 24,48,168

eff  . It can be noted that T 6,24
eff,mod values are 

higher than T 24,48,168
eff  values for all patients but one. This was to be expected, since it 

is a direct consequence of having chosen the  95th percentile of the differences as the 
correction factor.

Lastly, in order to compare the restriction periods determined by using T 6,24
eff  , T 24,48,168

eff  
and T 6,24

eff,mod , those time periods were calculated using the values for the 20 patients 
included in the study. Regarding personal conditions, it was assumed that patients lived 
with a partner < 60y who was considered as a carer, and worked at a shared office. To 
perform calculations, distance correction factors ( fdnr,i ) were calculated for distances of 
0.1 m and 0.5 m from median values of the dose-rate measurements performed for all 
patients at 0.1 m, 0.5 m and 1 m. The results obtained were f0.1m = 14.9 and f0.5m = 2.5 . 
Note that the distance correction factor fdr equals 1 because the assumed contact dis-
tance for the time period with restrictions is 1 m. Figure 4 shows box plots of the time 
periods with restrictions for the abovementioned radiation protection recommenda-
tions. For the assumed personal conditions, recommendations 2 and 3 would not apply. 
For the recommendations on public transport the maximum recommended time in 
public transport in the first day after discharge is given. It can be observed that results 
obtained using T 6,24

eff,mod tend to be more conservative than those obtained using T 24,48,168
eff  , 

and that the proposed method allows for individualisation of the recommendations 
given.

Individualized card with recommendations for the patient

Figure 5 shows the spreadsheet created to calculate the restriction periods, as well as the 
individualized card with recommendations that would be given to patients after they are 

Fig. 3 Values of T 6,24
eff,mod

 as a function of values of T 24,48,168
eff

 . The dashed line represents the line of identity
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discharged. Once the patients have answered a questionnaire regarding their personal 
contacts, individualized recommendations are determined using the calculated value of 
T 6,24
eff,mod and a personal card including those recommendations is generated. The example 

Fig. 4 Box plots of the restriction periods using T 6,24
eff

 , T 24,48,168
eff

 and T 6,24
eff,mod

 obtained for patients included 
in the study and assuming that patients lived with a partner < 60 y who was considered as a carer, and 
worked at a shared office. Symbols show individual patient values and have been randomly displaced in the 
horizontal direction for improved visibility. Note that in the calculation of hours of travel all results greater 
than 24 h have been set to 24 h

Fig. 5 Example of spreadsheet with input data and card with recommendations for the patient
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shown in Fig. 5 is based on data for patient 1 and the personal conditions used to deter-
mine the box plots in Fig. 4.

Discussion
In this study, the delivery of individualized radiation protection recommendations to 
patients treated with  [177Lu]Lu-DOTA-TATE after being discharged has been addressed. 
A method to obtain those recommendations using the effective half-life of the  [177Lu]
Lu-DOTA-TATE activity in the whole-body calculated from dose-rate measurements at 
6 h and 24 h post-administration, T 6,24

eff  , has been developed. Those time points are con-
venient from a practical viewpoint, especially if patients remain as in-patients the first 
24 h after treatment administration. However, as the whole-body washout after patients 
leave the hospital gets slower, the use of that effective half-life would underestimate the 
restriction time periods. The effective half-life obtained from dose-rate measurements at 
24 h, 48 h and 168 h, T 24,48,168

eff  , would lead to more accurate radiation protection recom-
mendations, but this procedure would not be feasible in the clinical routine, as recom-
mendations should be given before patients’ contact with members of the public and 
carers starts.

The recommendations obtained following the procedure developed may not be as 
accurate as those determined from the 24 h, 48 h and 168 h time points but, according 
to the results shown, they would tend to be more conservative and still individualized 
instructions. Due to the methodology applied in this study which uses the  95th percentile 
to calculate the correction factor, there would be a 5% of patients for whom the time of 
restrictions calculated with T 6,24

eff,mod would be lower than that obtained with T 24,48,168
eff  . 

In those cases there is a possibility that the dose limit or constraint may be exceeded. 
However, it must be taken into account that the contact times and distances were chosen 
conservatively. A permanent monitoring of the patients after patients are discharged to 
see if they follow the radiation protection recommendations is not feasible, but a recent 
study [25] showed that the effective dose received by the partner of the patient was 
below the recommended constraint, which would mean that the proposed methodology 
could still be quite effective for that 5% of patients.

Regarding the calculation of the 95th percentile of the differences between the T 6,24
eff  

and the T 24,48,168
eff  values, it is worth noting that for a discontinuous data distribution 

there are three methods to determine a percentile calculation [26]. In two of the three 
methods the 95th percentile obtained is of 46 h and in the third method of 65 h. The 
third method has some limitations when the number of data is small, as is the case of 
this study. We thus used the 95th percentile obtained from the first two methods. As the 
number of data increases the three methods would produce similar results but the num-
ber of patients included in the study was limited by the low number of cases treated with 
 [177Lu]Lu-DOTA-TATE at the Central University Hospital of Asturias. Further studies 
including a greater number of patients are thus warranted. The difference between both 
percentiles is lower than 1 d. The use of a 95th percentile of 65  h would have been a 
more conservative approach, but a recent study [25] showed that patients tended to be 
conservative in relation to the radiation protection recommendations and that would 
mean that in the practice they are following recommendations obtained with an effective 
half-life greater than 46 h.
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In case that the treatment is administered on an outpatient basis, if the method devel-
oped in this study is going to be implemented, patients should go back to the hospital to 
acquire the 24 h dose-rate measurement. In that case, patients would be recommended 
to avoid any contact with others during those hours. The first dose-rate measurement 
would be performed when patients are discharged from the hospital, once the infusion 
of the amino acids, which lasts between 4 and 6 h [27], is finished. Patient imaging is 
normally performed for dosimetry or to see the distribution of the  [177Lu]Lu-DOTA-
TATE, and it could be scheduled at 24 h post-administration (when there are not dead-
time effects) in order to perform the second dose-rate measurement.

The comparison of the curves of the remaining whole-body activity in percentage as 
a function of time corresponding to the first and the fourth cycles showed that for all 
patients but one both curves overlapped when the uncertainty in the activity values is 
considered. Therefore, it seems reasonable that the restriction periods obtained in the 
first cycle could be applied to the following cycles. However, the fact that one outlier was 
observed indicates that a measurement at 6 h is advisable in all cycles in order to check 
for differences in the pharmacokinetics and if so, a measurement at 24 h should be per-
formed in order to calculated the restriction periods with the methodology described in 
this study.

The radiation protection recommendations given try to cover the situations in which 
the patients will be in regular contact with other people, which include people cohab-
iting with patients (partner, children or other adults), people not cohabiting but hav-
ing regular contact with patients, working colleagues or children (if for instance patients 
work at a nursery) and those people that patients may be close to at public transport. 
Restriction periods for food manipulation have been included in some studies, recom-
mending a restriction period of 3 days [6] or a day extra added to the restriction period 
before returning to work [18]. If patients leave the hospital at an ambulance, they could 
spend longer times than those recommended for public transport, as the distance 
between the patient and the driver would be bigger.

Lastly, Fig.  6 shows a comparison of the individualized recommendations obtained 
following the method developed in this study with the recommendations obtained in 
the study by Levart et  al. [5], those recommendations being fixed restriction peri-
ods obtained as the 95th percentile of the restriction periods obtained for a group of 
patients. The comparison was performed for the case of a partner < 60 y and for the 
case of days off work. In our study, the effective dose limits considered were more con-
servative than in the study by Levart et al. [5], (0.75 mSv/cycle for family members and 
0.25 mSv/cycle for co-workers versus 1 mSv/cycle for family members and 0.3 mSv/cycle 
for co-workers) and the same occurred with the patients’ contact time with partner, as 
in our study an additional contact time of 3 h at 0.5 m was considered. The benefit of 
the individualisation of the recommendations is thus outstanding. On the one hand, for 
most patients the restriction periods are shorter than the generalized recommendations, 
which will make patients’ life easier, in addition to reduce the private and social costs 
of limiting contact with other people and staying off work. On the other hand, for the 
case of the patients in which those periods are longer, members of the public and carers 
would benefit, as they will assure that the effective doses are within the legal and recom-
mended limits.
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Conclusion
Recommendations of radiation protection are necessary for patients treated with 
 [177Lu]Lu-DOTA-TATE. A method to determine those recommendations for each 
individual patient has been developed using the dose-rate measurements at 6 h and 
24 h. Individualisation of the recommendations implies that most patients can return 
to their normal life earlier than if they receive fixed restrictions. It also brings safety 
to carers and members of the public in those cases in which the periods of recom-
mendations are longer than in the generalized recommendations.
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