
Feasibility of Single-Time-Point Dosimetry for
Radiopharmaceutical Therapies

Xinchi Hou1, Julia Brosch2, Carlos Uribe1,3, Alessandro Desy4,5, Guido B€oning2, Jean-Mathieu Beauregard4,5,
Anna Celler1, and Arman Rahmim1,3,6

1Department of Radiology, University of British Columbia, Vancouver, British Columbia, Canada; 2Department of Nuclear Medicine,
University Hospital, Ludwig-Maximilians-Universit€at, Munich, Germany; 3Functional Imaging, BC Cancer, Vancouver, British Columbia,
Canada; 4Cancer Research Centre and Department of Radiology and Nuclear Medicine, Universit�e Laval, Quebec City, Quebec, Canada;
5Department of Medical Imaging and Oncology, Universit�e Laval Research Centre, CHU de Qu�ebec–Universit�e Laval, Quebec City,
Quebec, Canada; and 6Department of Integrative Oncology, BC Cancer Research Institute, Vancouver, British Columbia, Canada

Because of challenges in performing routine personalized dosimetry in
radiopharmaceutical therapies, interest in single-time-point (STP)
dosimetry, particularly using only a single SPECT scan, is on the rise.
Meanwhile, there are questions about the reliability of STP dosimetry,
with limited independent validations. In the present work, we analyzed
2 STP dosimetry methods and evaluated dose errors for several radio-
pharmaceuticalsbasedoneffectivehalf-lifedistributions.Methods:We
first challenged the common assumption that radiopharmaceutical
effective half-lives across the population are gaussian-distributed (i.e.,
follow a normal distribution). Then, dose accuracywas estimated using
2 STP dosimetry methods for a wide range of potential post injection
(p.i.) scan timepoints fordifferent radiopharmaceuticals applied to neu-
roendocrine tumors and prostate cancer. The accuracy and limitations
of each of the STP methods were discussed. Results: A lognormal
distribution wasmore appropriate for capturing effective half-life distri-
butions. The STP framework was promising for dosimetry of 177Lu-
DOTATATE and for kidney dosimetry of different radiopharmaceuticals
(errors, 30%).Meanwhile, for some radiopharmaceuticals, STP accu-
racywascompromised (e.g., inbonemarrowandtumors for 177-labeled
prostate-specific membrane antigen [PSMA])). The optimal SPECT
scanning time for 177Lu-DOTATATE was approximately 72 h p.i.,
whereas 48 h p.i. was better for 177Lu-PSMA. Conclusion: Simplified
STP dosimetry methods may compromise the accuracy of dose esti-
mates, with some exceptions, such as for 177Lu-DOTATATE and for
kidney dosimetry in different radiopharmaceuticals. Simplified person-
alizeddosimetry in thecliniccontinues tobechallenging.On thebasisof
our results, we make suggestions and recommendations for improved
personalized dosimetry using simplified imaging schemes.
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Image-based personalized dosimetry as applied to radiopharma-
ceutical therapies allows physicians to limit toxicity to critical
organs and, potentially, to predict response to treatment and enable
personalized therapy decisions (1). To perform dosimetry with

acceptable accuracy, multiple quantitative scans (e.g., SPECT)
are often assumed necessary to assess the distribution of the ther-
apeutic compound over time and quantify its biokinetics in organs
and tumors. Nevertheless, this task is challenging in a clinical
environment because of the requirement that a series of scans
be performed over multiple days for each therapy cycle in each
patient, followed by complex and time-consuming data process-
ing and calculations (2).
To address this challenge, with the aim of enabling routine

dosimetry in the clinic, several simplified approaches have
been proposed. One approach is to perform dosimetry estimation
using only a single SPECT scan (single-time-point [STP] dosim-
etry) (3–8).
STP methods have been proposed by H€anscheid et al. (3) and

Madsen et al. (4). Both methods assume that clearance of the radio-
pharmaceutical from a region of interest (ROI) follows a monoexpo-
nential decay behavior and has an effective half-life (Teff); therefore,
the time-integrated activity ~A in the ROI can be calculated using the
following formula:

~A 5
1
ln2

�AðTscÞ � 2
Tsc
Teff � Teff ; Eq. 1

where Tsc is the SPECT scan time point and A(Tsc) is activity in the
ROImeasured at Tsc. This activity can be determined from the quan-
titatively reconstructed SPECT image. However, Teff may be diffi-
cult to measure, requiring a series of SPECT scans with
subsequent data fitting for the ROIs. Furthermore, Teff can vary sig-
nificantly between individual patients and/or between therapy
cycles.
The STP method of H€anscheid et al. (3) proposes that the last

component of Equation 1, that is, 2
Tsc
Teff �Teff, can be approximated

by 2Tsc. Their theoretic calculations indicated that if Tsc remains
within 0.75–2.5 times the patient-specific Teff, errors in dose esti-
mates would be below 10%. H€anscheid et al. analyzed 29 177Lu-
DOTATATE/DOTATOC patient studies to confirm this theoretic
finding (3).
On the other hand, the work published byMadsen et al. (4), based

on 90Y-DOTATOCdata from a clinical trial, used a populationmean
Teff (Tp-eff) and demonstrated that the accuracy of STP dosimetry for
kidneys would be improved by setting Tsc close to or slightly larger
than Tp-eff (4). This STP dosimetry framework was verified to have
good accuracy by Amato et al. in the treatment of hyperthyroidism
with 131I radioiodine (9). Both formulations—that ofH€anscheid et al.
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(method 1) and that of Madsen et al. (method 2)—are presented in
Table 1.
Inspired by these works, we recently investigated the accuracy of

STP dosimetry for kidneys using different values of Tsc (4, 24, and
72 h p.i.) for data from 53 neuroendocrine tumors in 39 patients
undergoing 177Lu-DOTATATE therapy (6). The impact of the devi-
ation of a particular Teff from Tp-eff on the accuracy of kidney doses
was estimated. The most favorable Tsc, that is, the scan that would
result in kidney dosimetry errors below 10%, was suggested to be
set at times between 1 and 1.5 Tp-eff. However, our previous study
was focused solely on kidney doses and on a single specific com-
pound, namely 177Lu-DOTATATE.
For a given patient, the Teff for radiopharmaceutical clearance

from tumors usually differs from that from organs at risk (OARs).
Compromise is needed to achieve acceptably accurate dose esti-
mates using STP methods, as the optimal Tsc for tumors may be dif-
ferent from that for OARs. These time points would also differ for
different radiopharmaceutical compounds.
In the present work, we compared the accuracy of doses estimates

using STP methods 1 and 2 for different compounds commonly
applied in radiopharmaceutical therapies. We also challenged the
common default assumption that Teff has a gaussian (normal) distri-
bution across a population. On the basis of our results, we provide
recommendations for dosimetry workflows.

MATERIALS AND METHODS

Because the mean organ-based absorbed dose can be considered
nearly proportional to ~A, the dose error (DE) can be estimated from
the time-integrated activities (as estimated using either method 1 or 2)
as follows:

DE ð%Þ5
~AMx

~A
21

 !
3100%; Eq. 2

where ~AMx represents either ~A for either method 1 or method 2 (Table
1), and reference ~A is calculated using Equation 1. We investigated Tsc
ranging from 24 to 144 h (days 1–6) after activity injection.

Using these Tsc values, we estimated DEs for generic patient-specific
Teff values ranging from 0 to 200 h. Whereas method 1 does not depend
onTeff, formethod 2 Tp-effwas set between 10 and 120 h to capture awide
range of possibilities. Subsequently, for both tumors and OARs, DEs
were investigated using these 2 STP methods for 4 commonly applied
radiopharmaceuticals, namely 177Lu-DOTATATE and 90Y-DOTA-
TOC, as used in treatments of neuroendocrine tumors, and 177Lu-labeled
prostate-specific membrane antigen (PSMA) compounds (including
177Lu-PSMA-617 and 177Lu-PSMA-I&T), as used for prostate cancer.

To investigate the accuracy of STP dosimetry, we aimed to first
obtain 95% confidence intervals (CIs) for the distributions of Teff
for a given radiopharmaceutical and organ or target of interest. Table
2 summarizes Teff for different radiopharmaceuticals as available in
the literature or from our own data. For most datasets, limited infor-
mation, such as mean, standard deviation (SD) and ranges for Teff,

could be found, with the exception of 5 datasets from our own clin-
ical studies (i.e., studies 1, 4 and 8 in Table 2, for which the individ-
ual Teff values for patients were available). For studies 1 and 4,
patient data were from the radiopharmaceutical therapy trial
NCT02754297, approved by the CHU de Qu�ebec–Universit�e Laval
institutional Ethics Committee, and all patients provided written con-
sent to participate. Study 8 was based on retrospective and anony-
mized data, acquired for routine clinical dosimetry, as approved by
the Ethics Committee of LMU Munich 20-520, including a waiver
of consent.

On the basis of a common default assumption that Teff follows a
normal distribution, 95% CIs would be set at mean 6 1.96 SD. By
contrast, our analysis in this work showed that a lognormal distribu-
tion is a more proper assumption. For each of our 5 full datasets with
a complete listing of Teff values (studies 1, 4, and 8 in Table 2), the
Kolmogorov–Smirnov test was performed to check the null hypothe-
sis that our data or their corresponding log-transformation were nor-
mally distributed. Furthermore, distribution fittings were performed
and analytic 95% CIs for the Teff per ROI were calculated and com-
pared with the true range of 95% CI data as calculated using the
quantile function. Having found that a lognormal distribution is a
more appropriate model, we mapped the reported means and SDs
from different studies to lognormal distributions with exponent
parameters m and s (i.e., mean and SD of the natural logarithm) as
given in the following equations:

m5 log
mean2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mean2 1SD2
p
 !

Eq. 3

s5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
logð11 SD2=mean2Þ

q
: Eq. 4

Subsequently, from the mapped lognormal distributions, 95% CI
ranges were computed. Finally, DEs for the computed ranges (spreads)
of Teff were estimated using both method 1 and method 2.

RESULTS

DEs calculated usingmethods 1 and 2 are presented in Figure 1 for
a wide range of Tp-eff and Teff. The DEswithin610% are highlighted
in green. Overall, for both STP methods, the accuracy of dose esti-
mates strongly depended on the spread of patient Teff values and
the scan time selected by the users.
The Teff distributions were then investigated using the 5 datasets

that had a complete listing of Teff values for 177Lu-DOTATATE
and 177Lu-PSMA-I&T (studies 1, 4, and 8). Supplemental Table 1
lists theKolmogorov–Smirnov test results and p-values, demonstrat-
ing thatmostTeff data followed a lognormal distribution (supplemen-
tal materials are available at http://jnm.snmjournals.org).
Supplemental Figure 1 shows the corresponding histograms with
probability density function curves of lognormal distribution fit-
tings, as well as the true and analytically estimated 95% CI ranges
based on normal and lognormal distribution assumptions. Supple-
mental Figure 2 shows theDEs from these 3 different types of ranges

TABLE 1
STP Dosimetry Application Methods

Method Approximation Conclusion

1 (3) ~A5 1
ln2 �AðTscÞ � 2 Tsc Error , 10% if Tsc 2 ½0:75Teff , 2:5Teff �

2 (4,7) ~A 5 1
ln2 �AðTscÞ � 2

Tsc
Tp�eff � Tp�eff Smallest errors can be observed if Tsc 2 [Tp�eff , 1:5Tp�eff ]
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(i.e., computed on the basis of the true 95% CI vs. normal and log-
normal assumptions), confirming that doses computed from a log-
normal distribution were more similar to those from the true 95%
CI range, further strengthening the lognormal assumption.
Table 2 shows our computed 95% CI ranges based on a lognormal

distribution assumption, using the means and SDs reported in the liter-
ature. Hadwe assumed a normal distribution, the computed 95%CIs of
Teffwould extend below0 for some studies. Based on theseTeff, theDEs
for the investigated radiopharmaceuticals are presented in Figures 2 and
3 for kidney and bone marrow, respectively, which are OARs for the
particular radiopharmaceutical therapies investigated, and in Figure 4
for tumors. For 177Lu-DOTATATE, the estimated DEs were relatively
low, whereas for some other radiotracers, large errors were possible for
both STP dosimetry methods. Additionally, a comparison between the
DEs for the published range listed in Table 2 and those for the estimated
95% CI is shown in Supplemental Figure 3.

DISCUSSION

As shown in Figure 1, when Tsc ranged from 0.8 to 1.6 Tp-eff, theDEs
from both method 1 and method 2 were similar (differences , 7%).

DE was small (,10%) when Tsc was set within 0.75–2.5 Teff for
method 1, as is consistent with prior reporting (3). However, for
method 2, the accuracy of absorbed dose depended not only on
Tsc but also on the deviation of Teff from Tp-eff. Overall, Tsc should
preferably be set in the range 1–1.5 Tp-eff in order to achieve a lower
DE but allow larger deviations between Teff and Tp-eff. This recom-
mendation agrees with Figure 4 of Zhao et al. (6). For example, if
Tp-eff was 47 h (the kidney’s Tp-eff for

177Lu-DOTATATE in study
1; Table 2) and Tsc was set to 72 h, less than a 10% DE could be
observed when the deviation between Tp-eff and Teff was within a
95% CI of 238% to 43% if Tsc was set to 72 h. However, when
Tsc was set to 24 h p.i., the deviation between Tp-eff and Teff had
to stay within a 95% CI of 210% to 10% in order to have a DE
of less than 10%.
Figures 2–4 summarize potential DEs based on the analysis of our

own or published Teff values for commonly used radiopharmaceuti-
cals. In general, our results suggest that there is a high possibility of
dose underestimation when using an STP framework. The extent of
this underestimation would depend on the radiopharmaceutical and
the considered ROI, particularly the kidneys, the bone marrow, and
neuroendocrine tumors.

TABLE 2
Mean Teff and SD, and Computed 95% CI, of Organs and Lesions for Commonly Applied

Radiopharmaceuticals That Were Used in This Investigation

Agent Study Reference Patients (n) Organ or target Median Tp2eff
mean (h)

Tp2eff
SD (h)

95%
CI (h)

177Lu-DOTATATE 1 Hou et al. 2019 (12) 30 (87) Kidney* 46 (30–82) 47.0 11.6 28.5–73.6

2 Heikkonen et al. 2016 (13) 24 (24) Kidney NA (36–59) 45.3 5.9 34.8–57.4

3 H€anscheid et al. 2018 (3)† 27 (54) Kidney‡ 51 (40–68) 51.0 7.0 38.8–66.0

25 (25) Liver‡ 67 (55–117) 76.5 15.5 51.4–110.7

27 (27) Spleen‡ 68 (52–99) 68.0 11.8 49.5–91.6

22 (22) Tumor‡ 77 (56–130) 85.4 18.5 56.0–125.8

4 Del Prete et al. 2018 (11) 158 (1,117) Kidney* ‡ 47 (23–159) 50.8 16.9 25.6–91.0

Desy et al. 2020 (14) 158 (474) Bone marrow* ‡ 70 (29–160) 76.4 27.6 36.2–142.8

158 (2,166) Tumor* ‡ 84 (16–161) 87.8 30.5 42.8–160.6
90Y-DOTATOC 5 Menda et al. 2018 (15) 25 (69) Kidney NA (25–92) 37.5 12.5 19.4–67.2
177Lu-PSMA-617 6 Kurth et al. 2018 (16) 25 (25) Whole body NA (22–86) 40.5 15.8 18.8–79.1

7 Sarnelli et al. 2019 (17) 9 (9) Parotid gland 33 (26–61) 35.4 10.6 22.2–53.2

9 (9) Kidney 31 (12–81) 39.2 20.9 17.2–76.2

9 (9) Red marrow 8 (3–15) 8.0 4.7 3.2–16.3

9 (9) Liver 25 (13–63) 33.5 20.0 13.4–69.1

9 (9) Whole body 40 (32–80) 52.4 22.2 27.2–90.5
177Lu-PSMA-I&T 8 Written communications 15 (290) Bone metastases* 38 (13–191) 42.6 19.1 16.9–90.0

9 Baum et al. 2016 (18) 30 (NA) Bone metastases‡ 52 (14–149) 52.0 30.0 16.2–132.6

30 (NA) Lymph nodemetastases‡ 43 (25–160) 43.0 32.0 9.9–132.7

30 (NA) Kidney‡ 33 (19–83) 33.0 14.0 14.8–64.9

30 (NA) Parotid gland‡ 25 (20–43) 25.0 5.0 16.7–36.1

*Teff of each individual ROI (organ or lesion) was available (i.e., complete listing of Teff for all patients).
†Overall dataset (29 patients) was primarily 177Lu-DOTATATE (22 patients) but also included 177Lu-DOTATOC (7 patients).
‡Teff was published as median and range. For studies 3 and 9, corresponding mean and SD were calculated using method of Hozo et al.

2005 (19). For study 4, we had access to complete listing of Teff.
NA 5 not applicable.
Data in parentheses are range (for median) or total number of ROIs (for number of patients).
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For the kidneys, similar DEs were obtained from both method 1
and method 2 when Tsc was set to 48–96 h (i.e., days 2–4 p.i.), as
shown in Figure 2. However, large differences betweenmethods 1
and 2 were observed for either an early Tsc (24 h p.i.) or a late Tsc
(.96 h p.i.). For most of the investigated radiopharmaceuticals,
DEs were smallest when Tsc was set to 48 h p.i. However, for
177Lu-DOTATATE, a Tsc of 72 h p.i. was slightly better than a
Tsc of 48 h p.i., with a DE of less than 10%. For 177Lu-PSMA-

compound therapies, DE could be larger
than 20% even at an optimized Tsc.
For bone marrow dosimetry (Fig. 3), DEs

were smallest (,30%) when Tsc was set to
72–96 h p.i. for 177Lu-DOTATATE. How-
ever, for 177Lu-PSMA-617, STP methods
should be used only with great caution,
because in most of our investigated scenar-
ios, STP methods largely underestimated
the dose, especially method 1.
For neuroendocrine tumor lesions treated

with 177Lu-DOTATATE (Fig. 4), similar
to bone marrow dosimetry, a Tsc of 72–120 h
p.i. resulted in a DE of less than 30%,
whereas for prostate cancer lesions treated
with 177Lu-PSMA-I&T, DEs (,30%) were
lowest for a Tsc of 48 h p.i., as displayed in
Figure 4.
Additionally, differences in DEs for the

same radiopharmaceutical and ROI were
found between different studies, mainly
because of differences in the methods
used to estimate Teff by different groups,
including segmentation method, imaging
type, and Tsc, as well as fitting model.
For example, the analysis in study 1 was
based on small-volume kidney dosimetry,

using a 4 -mL region within the kidney for dose estimation,
whereas for study 2, the data were from whole-kidney segmenta-
tion. As another example, study 8 used 3 SPECT/CT scans,
whereas 5 hybrid SPECT/planar scans were used in study 9.
However, these differences did not influence our main findings
in this work.
The STP dosimetry framework is suitable mostly for dosimetry of

177Lu-DOTATATE and of various radiopharmaceuticals in kidneys.

FIGURE 1. DEs (%) resulting frommethod 1 (black line) andmethod 2 (with Tp-eff ranging from 10 to
120 h; colored lines) relative to true Teff of radiopharmaceutical washout. DEs within 610% are
highlighted in green.

FIGURE2. DEs (%)ofkidneydosesestimatedusingmethod1 (blue)andmethod2 (red)whenpatientTeff iswithin simulated95%CI range listed in Table 2.
Greenandmagenta dashed lines indicate610%and630%ofDEs, respectively. Four sets of results shown in 177Lu-DOTATATEcolumn correspond toTeff
data from studies 1–4.
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Our results were less reliable for 177Lu-PSMA compounds in bone
marrow and lesions. If the results for kidneys, bone marrow, and
tumors are combined, SPECT scanning at 72 h p.i. should be consid-
ered optimal for 177Lu-DOTATATE whereas earlier time points,
such as 48 h p.i., would be better for 177Lu-PSMA therapies, in
agreement with findings by Zhao et al. and Jackson et al. (6,7).
The results for methods 1 and 2 were equally accurate when the sug-
gested scan time was used.
The potentially large differences in pharmaceutical clearance

rate between patients, and the limited data available for our anal-
ysis, suggest that the DEs obtained from STP methods could be
30% or more for some therapeutic compounds and targets. More
studies or potential modifications of the STP methods are
needed. For example, Jackson et al. (7) applied an STP method
to predict doses from 177Lu-PSMA-617 therapy using a popula-
tion of normalized pharmacokinetic curves. However, the accu-
racy of that method has not been confirmed, and accuracy was
represented by the mean absolute error, which could be smaller
than the DE format we report here (8). In addition, individual
clinical data might be used to narrow the range of Teff around
which STP scans could be performed. As an example, we sug-
gest that variations in estimated glomerular filtration rate
(eGFR) may indicate varying kidney function, in turn impacting
Teff. In fact, we investigated and found a significant correlation
between these 2 factors (Supplemental Fig. 4). A similar corre-
lation between kidney dose and eGFR was also found by Del
Prete et al. in 2017 (10). Thus, a potentially improved STP
framework would use a modified estimated Teff based on such
clinical parameters.
Our results show that the accuracy of STP framework depends

strongly on patient-specific radiopharmaceutical clearance times,
and the large differences between patients suggest that STP meth-
ods may not be appropriate for all therapies or radiopharmaceut-
icals. When STP may be problematic, an alternative practical
approach for patient-specific dosimetry may be to use at least 2
time points for imaging and subsequent Teff calculation for the
first cycle of treatment to estimate patient-specific pharmaceutical

kinetics, specifically patient- and organ-specific Teff . However,
the choice of Tsc for the 2 scans is crucial, and one should avoid
setting them during the early radiopharmaceutical uptake phase.
Afterward, this information could be incorporated into the more
generalized form (Eq. 1) to estimate Teff for the following cycles.
The accuracy of such an approach was investigated by Del Prete
et al. (11), who observed DEs of approximately 20.5%, 15.7%,
and 25.6% for kidney, bone marrow, and tumor, respectively,
for 177Lu-DOTATATE.

CONCLUSION

We have analyzed the accuracy of 2 STP dosimetry methods for
several radiopharmaceutical therapy agents. We found that for some
therapeutic compounds, use of these simplifiedmethods may largely
compromise the accuracy of dose estimates. Two prominent excep-
tions are 177Lu-DOTATATE, wherein reasonably small (,30%)
DEs can be achieved for an STP framework that scans at approxi-
mately 72 h p.i., and kidney dosimetry in general for radiopharma-
ceuticals investigated in this work. To improve STP dosimetry, we
suggest the alternative approach of determining patient-specific bio-
kinetics using 2 or, ideally, more scans during the first treatment
cycle and the STP framework for the following cycles. However,
this approach needs to be validated, since Teff might change over
multiple treatment cycles. Other alternatives to existing STP meth-
ods include improved estimation of patient-specific Teff from clinical
data, as exemplified in this work using eGFRs for the kidney.
Enabling routine personalized dosimetry in the clinic remains chal-
lenging given the complex data processing and calculations for high
accuracy on the one hand and interest in more feasible methods on
the other.
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KEY POINTS

QUESTION: Is STP dosimetry feasible in current clinical studies for
all radiopharmaceutical therapies?

PERTINENT FINDINGS: The accuracy of STP dose estimation was
compromised for some radiopharmaceuticals—for example, 177Lu-
PSMA compounds in bone marrow and bone lesions.

IMPLICATIONS FOR PATIENT CARE: We suggest caution and
provide guidance for the use of simplified dosimetry protocols in
clinical radiopharmaceutical therapy.
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