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Abstract

Background Dosimetry after ['”/Lu]Lu-DOTA-TATE therapy can be demanding for both
patients and the clinical service due to the need for imaging at several time points. In
this work we compare three methods of single time point (STP) kidney dosimetry after
["/Lu]Lu-DOTA-TATE therapy with a multiple time point (MTP) dosimetry method.

Method Method 1 (MTP): Kidney doses were calculated from 31 patients including
107 therapy cycles. Post-therapy SPECT images were acquired on day 0,4 and 7

along with a CT scan on day 4. A mono-exponential fit was used to calculate kidney
doses using cycle specific data. Method 2 (Consistent effective half-life): The effective
half-life (Tegr) calculated in cycle 1 was assumed consistent for subsequent cycles of
therapy and the activity scaled using a single day 3-5 SPECT/CT. Methods 3 and 4
(Hanscheid and Madsen approximations): The Hanscheid approximation and Madsen
approximation were both evaluated using a single SPECT/CT acquired on day 0, 4 and
7. All STP methods were compared to the MTP method for accuracy.

Results Using the MTP method, mean right and left kidney doses were calculated to
be 29+ 1.1 Gy and 2.8 +0.9 Gy respectively and the population Ty was 56+ 13 h. For
the consistent T, Hanscheid and Madsen methods, the percentage of results within
+20% of MTP method were 96% (n=70), 95% (n=280) and 94% (n =80) respectively.

Conclusion All three single time point methods had > 94% of results within +20%

of the MTP method, however the consistent T method resulted in the highest
alignment with the MTP method and is the only method which allows for calculation
of the patient-specific T. If only a single scan can be performed, day 4 is optimal for
kidney dosimetry where the Hanscheid or Madsen approximation can be implemented
with good accuracy.

Keywords Dota-tate, PRRT, Dosimetry, STP, Single time point, Lutate

Introduction

PRRT with [/Lu]Lu-DOTA-TATE (Lutate) was first approved as a therapy by the Euro-
pean Medicines Agency in 2017 [1] and the Food and Drugs Administration in 2018 [2]
based on the results of the randomised international NETTER-1 clinical trial [3]. Since
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then, it has been widely used as a treatment for metastatic somatostatin receptor posi-
tive neuroendocrine tumours (NETs) [4—7]. The treatment is administered over a stan-
dard course of 4x7.4 GBq intravenous infusions at 8-week intervals. A 23 Gy cumulative
absorbed dose limit to the kidneys is adhered to with the standard course of treatment,
which is considered safe for the kidneys and bone marrow - the organs at risk (OAR) [8,
9]. However, this dose limit is based on external beam radiotherapy in which the delivery
of radiation differs from molecular radiotherapy [10].

Several studies have demonstrated that serious kidney toxicity rarely occurs with the
current prescription of Lutate, with patients only experiencing a minor decrease in kid-
ney function [7, 11-14]. Furthermore, studies have also shown that approximately 50%
of patients could have received more cycles of therapy before reaching the 23 Gy dose
limit [15] and in one study no severe renal toxicity was observed after cumulative admin-
istered activity as high as 78.6 GBq [16]. The calculation of doses delivered to target vol-
umes and OAR for patients undergoing radionuclide therapy is best practice, but there
are challenges to implement it routinely in clinical service. Post-therapy imaging is typi-
cally required at multiple time points to accurately sample the time activity curve (TAC),
however, it is onerous for patients to make repeated visits to the hospital and requires
significant clinical time and resources. To overcome this, several single time point (STP)
methods of kidney dosimetry have been investigated to simplify the process.

The use of a patient-specific effective half-life (T.q) determined from multiple time
point (MTP) imaging in the initial cycle of therapy with STP imaging in subsequent
cycles has previously been investigated. This has been shown to be most accurate when
using STP imaging at 24 h in subsequent cycles. Ardenfors et al. reported median doses
in relation to true doses of 1.01 and a maximum difference in dose of -18% when using
T from cycle 1 and 24-hour imaging [17]. Willowson et al. reported average and maxi-
mum deviations of 2% and 45% when using the same method [18] and Sundlov et al.
found differences of 1£17% (2 standard deviations) [19].

Mathematical models such as physiologically based pharmacokinetic (PBPK) and non-
linear mixed effects (NLME) have been used to predict kidney and tumour doses using
STP measurements [20—22]. A popular model proposed by Hanscheid et al. requires
a single SPECT/CT at 96 h after therapy to approximate the time-integrated activity
(TIA) with the lowest maximum errors [23]. Hou et al. implemented this method and
found that a scan time of 72 h was optimal [24]. This method has been widely accepted
as a good approximation of TIA and is integrated into clinically approved dosimetry
software [25]. Madsen et al. introduced a model that utilized simulations to estimate
TIA from a single time sample based on the mean time of the rate constant, although
prior knowledge of population averages of kinetic parameters is necessary [26]. This
method has been implemented in several simplified dosimetry studies [17, 18, 27, 28].
More recently, Devasia et al. developed a NLME model using biodistribution data from
SPECT/CT at 96 h to predict kidney TACs. The model accurately estimated kidney TIA
with a median relative deviation of -3% and a reduced number of TACs with significant
deviations compared to calculations using the entire data set [22]. The number of TACs
with a relative deviation of >10% was reduced by over 50% compared to Hianscheid [23]
and Madsen [26] methods.

In this work, we share our centre’s own experience, taking into account the various

practical considerations inherent in patient cohorts and scheduling constraints within a
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busy clinic. Our contribution adds to the expanding body of evidence supporting the use
of STP dosimetry for Lutate therapy, specifically for estimating kidney doses. We com-
pare three STP dosimetry methods to an MTP method to assess accuracy.

Method

Dataset

35 patients underwent a total of 122 cycles of Lutate therapy at Addenbrooke’s Hospital,
Cambridge, UK between October 2018 and March 2022 with SPECT and SPECT/CT
images acquired as part of their post-therapy imaging regime. 1 patient was excluded
due to having only 1 cycle of therapy, 2 cycles were excluded due to a lack of post-ther-
apy imaging, and 12 cycles were excluded due to complications in attenuation correction
of the SPECT images from mismatched SPECT and CT images.

Acquisition and reconstruction parameters

For logistical reasons and depending on camera availability, SPECT images were
acquired using a GE Discovery NM 630 or NM/CT 670 and SPECT/CT images were
acquired with the latter. Using Medium Energy General Purpose (MEGP) collimators,
a SPECT acquisition was made using a 15% energy window centred upon the 208 keV
photopeak. Scans were acquired feet first supine in H mode with body contour on. 30
steps were acquired per head, each covering an arc angle of 180° with a frame phase
duration of 30 s using a 128128 matrix and 4.41 mm pixel size. The CT image was
acquired at 120 kV with Smart mA set to give a maximum of 120 mA and a noise index
of 40. The slice thickness was 2.5 cm. The reconstruction parameters used for SPECT
imaging included OSEM reconstruction with 2 iterations and 10 subsets, a configuration
that was locally optimised for quantification and clinically acceptable noise suppression.
Additionally, a Butterworth post-filtering technique was applied with a filter order of 0.3
and a cut-off value of 10. Scatter correction and resolution recovery were not applied in
this case. The same acquisition and reconstruction parameters used for patient images
were also used when performing phantom work to calculate a sensitivity factor for ’’Lu

on our gamma cameras.

Kidney segmentation

Segmentation of the kidneys was performed in 3D Slicer 4.11 [29]. A small volume
of interest (VOI) at least 4 cm® was placed in the cortex of normal kidney exhibiting
homogenous distribution of radioactivity, as can be seen in Fig. 1. It has been shown that
this method provides results less than 5-10% different from segmenting the entire organ
[30-32]. A segment statistics quantification module in 3D Slicer computed the volume
and number of voxels in the VOI which were used to quantify the activity.

Fig. 1 A small volume of interest drawn within the left and right kidneys on the day 0 SPECT and propagated onto
the day 4 and 7 SPECT images
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Method 1: multiple time point kidney dosimetry

Post-therapy SPECT imaging was performed on Day 0, 4 and 7. All were corrected for
attenuation using a CT acquired on day 4. Images acquired on day 0 and 7 were recon-
structed following co-registration of the day 4 CT using Volumetrix MI on GE Xeleris
4.0. There were occasional variations in the imaging schedule and 9 patients only had
scans at two time points for all cycles of therapy. Kidney activity was quantified using the
formula:

Standard kidney volume x mean counts per voxel

Activity (MBq) = (1)

Voxel size x system sensitivity
where the system sensitivity was 9297 cts/MBq and standard ICRP 110 adult male and
adult female kidney volumes were used [29]. A TAC was made by fitting a monoexpo-
nential curve to the points using a least squares fitting, from which the y-intercept (A)
and decay coefficient () ) were calculated. The TIA was calculated from integrating the
TAC described by the equation:

~ 00 A

A (I\IBq . S) = A()/ 6_Mdt = 70 (2)
0

Standard ICRP 110 S-values were subsequently used to calculate absorbed kidney doses

[33, 34].

Method 2: using a patient-specific effective half-life

The patient-specific effective half-life was calculated from post-therapy imaging in cycle
1 using a minimum of two images. The first image was acquired within 24 h of ther-
apy and the second image was acquired no earlier than 96 h post therapy. The Ty was
assumed to be consistent for all cycles of therapy. In subsequent cycles a single SPECT/
CT acquired on day 3-5 was used to scale the TAC for activity concentration. Decay
correction of the kidney activity was performed using the cycle 1 T to estimate kidney
doses. Dose estimates in subsequent cycles using this method were compared to calcula-
tions using the MTP method which used the full set of data acquired in cycles 2—4.

Method 3 and method 4: Hanscheid and Madsen approximations

A single SPECT/CT after each cycle of therapy was used to estimate the TIA using both
the Hénscheid approximation and the Madsen approximation with a population effec-
tive half-life(T)_et). The Hinscheid approximation is described by the equation:

(4)

1
= In (2> A (TSC) ZTSC (3)

Where A (Tsc) is the activity in a VOI at scan timeTs¢, and the Madsen approximation
described by the equation:

Tsc

A(Tsc) 248 Tepy (4)

~ 1
A=
(4) In (2)
TheT),cffwas calculated as an average of the right and left kidney from all 107 cycles of
therapy. The accuracy of these approximations in comparison to the MTP method was
investigated using a single scan acquired on day 0, 4 and 7, and the proportion of results
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within £10% and 20% of the MTP method was calculated to consider which time point
is most suitable for clinical practice.

Results

MTP method

107 cycles of therapy from 31 patients were analysed using the MTP method. The mean
and standard deviation of the right and left kidney doses from each cycle were calculated
to be 2.9+1.1 Gy and 2.8£0.9 Gy, respectively. No patients exceeded the 23 Gy cumula-
tive dose limit.

Consistent effective half-life method

Kidney doses were estimated for 70 subsequent cycles using a cycle 1 T.;. Compared to
the MTP method, both kidneys exhibited a median difference of -0.4%. The right kid-
ney showed a standard deviation (o) of 8.8% and an interquartile range (IQR) of 8.0%,
while the left kidney exhibited a standard deviation of 7.3% and an IQR of 6.4%. When
scaling the TAC using a single day 3, 4 and 5 image, the median difference in estimated
dose in relation to the MTP method was 0% (1=12), 0% (n=53) and —4% (n=5) respec-
tively. Using this method, 73% of results for both kidneys were within £10% of the MTP
method, and 96% of results were within £20% of the MTP method. These results can be
visualised in the Bland-Altman plot in Fig. 2A and in Table 1.

Hanscheid method

When using the Hanscheid approximation for kidney dosimetry with a single SPECT
scan acquired on day 0, 4 and 7, the mean difference in dose compared to the MTP
method was —137%, 2% and —28% respectively. The percentage of results for which
both kidney doses deviated less than £10% from the MTP method was 0% (n=81), 63%
(n=80) and 9% (n=>58) for STP imaging on day 0, 4 and 7, respectively. These results can
be seen in Fig. 3A, B and C. When using a day 4 SPECT/CT, 95% of results were within
+20% of the MTP method. The comparison of the Hanscheid approximation and MTP
method can be seen in the Bland-Altman plot in Fig. 2B and in Table 1.

Madsen method

The mean and standard deviation of the population effective half-life were 56+13 h
which was used for the Madsen approximation. For STP imaging on day 0, 4 and 7 a
mean difference in time-integrated activity was seen of 0%, -2% and 2% respectively.
The percentage of results for which both kidney doses deviated less than +10% from the
MTP method was 25% (1=81), 66% (1=80), and 28% (n=>58) for STP imaging on day O,
4 and 7, respectively. These results can be seen in Fig. 3D, E and F. When using a day 4
SPECT/CT, 94% of results were within £20% of the MTP method. The comparison of
the Madsen approximation and MTP method can be seen in the Bland Altman plot in
Fig. 2C; Table 1.

Discussion

In Table 2, we compiled similar research findings, which were gathered through a
PubMed database search using relevant keywords. These studies encompass all clini-
cal research on kidney dosimetry for ’Lu-DOTATATE where STP methods were
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Fig. 2 Bland-Altman plots assessing the agreement between the multiple time point dosimetry method and A)
consistent effective half-life method B) Hanscheid approximation C) Madsen approximation for kidney dose cal-
culations. The x-axis displays average kidney doses and the y-axis shows the percentage difference relative to the
multiple time point method. The green solid line indicates the mean difference between the two methods and the
blue dashed lines indicate the mean + 1.96 standard deviations

compared to a MTP reference method using SPECT and SPECT/CT imaging. Previous
studies [17, 18, 35] have explored the utilisation of a patient-specific Ty, determined
during the initial therapy cycle with STP imaging in subsequent cycles. Ardenfors et al.
found that imaging on day 1 was optimal for kidney dosimetry compared to day 7. Wil-
lowson et al. demonstrated that STP imaging at 24 h in subsequent cycles was feasible,
and more accurate than imaging at 4 h. Del Prete et al. utilised two time point imaging
in cycle 1 to calculate the T, showing that STP imaging on day 3 was more accurate
than at 24 h. Figure 2A illustrates that using the cycle 1 T to estimate kidney doses
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Table 1 Comparison of simplified methods of kidney dosimetry

Kidney dosimetry  Mean Num- Results Results Max abso-  Bland-Alt- Bland
method dose berof  within10% within 20% lute differ- man Mean Altman
(Gy) cycles of MTP (%) of MTP (%) ence (%) (%) 1.960
(%)
MTP 29 107 - - - - -
Consistent Teff 2.7 70 73 96 32 -1 16
Hanscheid 0.54 81 0 0 -188 -137 28
(Day 0)
Hanscheid 2.8 80 63 95 31 2 17
(Day 4)
Hanscheid 23 58 9 26 -83 -28 37
(Day 7)
Madsen (Day 0) 28 81 25 58 -77 0 39
=56h
Madsen (Day 4) 2.7 80 66 94 27 -2 17
=56h
Madsen (Day 7) 3.1 58 28 60 60 2 39
=56h
A) Hanscheid approximation B) Hanscheid approximation Q) Hanscheid approximation
- Day 0 _ Day 4 _ Day 7
T 50% T 100% < 100%
= = <
o o o
s 0% B 60% 2 60%
£ £ £
2 5% B 20% B 20% 0
8 g 8 S o) ¢
o o o 9,
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Fig. 3 A comparison of the use of a single image on day 0, 4 and 7 to estimate kidney doses using the Hanscheid
and Madsen approximations. Estimations are compared to doses calculated using MTP dosimetry. Green lines
indicate a + 10% difference in relation to MTP dosimetry
is a particularly good approximation, with 96% of results deviating less than 20% from
the MTP method and a maximum deviation of 32%. This method is most ideal when
imaging occurs at three time points to calculate most accurately the T, however the
Tesr was calculated using only two time points for 17 therapy cycles, with all results devi-
ating less than 10% from the MTP method. Additionally, there were negligible differ-
ences in scaling the TAC using a day 3 or 4 scan. This method has the advantage over the
Hinscheid and Madsen approximation methods because the patient-specific Te can be
determined and be used to calculate personalised contact restrictions post-therapy.

The calculations by Hinscheid et al. suggested that a single SPECT/CT for kidney
dosimetry is adequate at 72 h. However, if dosimetry is also to be performed on tissues
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with a longer T, a scan at 96 h is more appropriate. As depicted in Fig. 3B, we have
demonstrated that the Hénscheid approximation is most optimal on day 4 compared to
day 0 and day 7, with a maximum deviation from MTP dosimetry of 31%.

Variations in our imaging schedule meant that for 12 cycles of therapy, patients under-
went a SPECT/CT on day 3 post-injection instead of day 4. This small dataset indicated
that kidney dose estimates were within 10% of MTP dosimetry for 83% of cycles, with a
maximum deviation of 18%. This finding suggests that imaging on day 3 might be more
optimal than day 4 for kidney dosimetry. However, considering the literature, it is likely
to be too early if tumour dosimetry is also being performed, due to the slower clearance.
Overall, we showed good correlation between the Hianscheid approximation using day
4 imaging and MTP dosimetry as can be seen in Fig. 2B, however fewer results were
within £10% of the MTP method compared to use of a cycle 1 Ty.

Our results align well with other studies that have implemented the Hanscheid approx-
imation [22, 24, 27, 28]. Peterson et al. demonstrated that a SPECT/CT at 71-126 h was
optimal for both kidneys and tumours with maximum deviations of 26%. Devasia et al.
found that imaging on day 4 yielded maximum deviations of -36%, with 80% of results
showing less than a 10% difference from their standard dosimetry method. Hou et al.
concluded that 72 h was optimal for kidney dosimetry [24].

The mean effective half-life of the kidneys for our population was determined to be
56113 h, which aligns well with findings from previous studies by Hénscheid et al. [23].
(51 h), Zhao et al. [27]. (45 h), Willowson et al. [18]. (53 h), Garske et al. [36]. (52.6 h)
and Sundlov et al. (51.6 h) [19]. The Madsen approximation was determined to be most
effective when applied at a time point corresponding to the mean T, o [26]. Subse-
quent studies have implemented this method with imaging conducted between days 3-5,
resulting in mean deviations of 4% [28]. Additionally, in implementations with T}, cff
values of 52 h, imaging on day 1 resulted in all 77 results within £20% of their standard
method [17] while imaging on day 4 resulted in a mean bias of 0.7% [22]. Furthermore,
day 3 imaging with a 45 h T}, _t[27] showed success with 98% of studies deviating less
than 10% from the reference method, however a 54.2 h T},_cr with 4 h and 24 h imag-
ing showed large overestimates in kidney doses of 59% and 30% respectively [18]. From
our research, the Madsen approximation using a Tj,—efr of 56 h was shown to be slightly
more accurate than the Hénscheid approximation when using a day 4 scan. However,
this would require significant work to calculate a local Tj_eff and so using the Hénscheid
approximation which is integrated into clinically approved dosimetry software would be
more appropriate for routine dosimetry if only day 4 images are available.

In a similar approach to Devasia et al. [22] we assessed the percentage of results dif-
fering by 5%, 10%, 20% and 30% from MTP dosimetry. However, we limited the docu-
mented results to 10% and 20% because 5% was too stringent and 30% was not narrow
enough to demonstrate differences.

Considering the conservative kidney toxicity limit of 23 Gy and the typical kidney
doses reported in literature, which usually range around 4 Gy per cycle [35, 37], the total
treatment dose could amount to 16 Gy. Hence, with a 20% margin of error, the potential
error could reach 3.2 Gy. Given this calculation, similar to many others in the field, we
consider this uncertainty to be sufficiently small for routine clinical practice. Crucially,
this margin of error not only streamlines processes for both patients and the depart-
ment but also provides ample sensitivity to detect doses that deviate significantly from
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the expected values and that might be clinically important and need to be dealt with
accordingly.

Limitations

MIRD pamphlets No. 23 and No. 26 present comprehensive guidelines and recommen-
dations for quantitative SPECT imaging [40], and for imaging with '"Lu [41]. Scatter
correction methods such as a triple energy window can enhance quantitative accuracy
[42], however our research did not implement scatter correction. Additionally, for kid-
ney image reconstruction using OSEM, MIRD recommends 40 updates to recover 90%
of the maximum activity, whereas our protocol uses 20 updates. While our study pri-
marily investigated various STP methods’ relative effects, our imaging protocol diverged
from MIRD guidelines.

Molecular radiotherapy incorporates large uncertainties of 25-30% within the overall
calculation of absorbed dose, with the error in the time-integrated activity the most sig-
nificant contribution [43]. In our study, we encountered a challenge with manual rigid
registration when attempting to align day 0 and day 7 SPECT images with a day 4 CT
scan. This alignment proved impossible for 12 therapy cycles due to variations in patient
positioning or the absence of distinct features to aid in alignment in each plane. This
presented a potential issue since using these misaligned images would have led to gross
inaccuracies in both the attenuation corrections to the SPECT image and the quanti-
fication of activity in the kidneys. To address this concern, we recommend conduct-
ing SPECT/CT acquisitions at each time point, despite the additional radiation dose
involved, which can help to ensure more accurate dosimetry calculations. Furthermore,
we used a small VOI method for segmentation of kidneys. The primary reason for this
was to overcome the challenges associated with the large VOI method. Delineating the
kidneys whilst avoiding the spill in effects from neighbouring organs, particularly those
impacted by tumours proved difficult. Whilst acknowledging the potential limitation of
the small VOI method in representing the concentration of the entire organ, it has been
shown by Sandstrom et al. to be a viable method in achieving kidney dose estimates [32].

Conclusion

Kidney dosimetry after Lutate therapy is necessary, although difficult to implement rou-
tinely due to the time and resources required. Single time point dosimetry methods can
streamline the process for both patients and the department. Of the three STP methods
investigated, using a cycle 1 Ty and a single day 4 SPECT/CT in subsequent cycles gave
the highest proportion of results in good alignment with the MTP method. If it is only
possible for a patient to have a single scan after therapy, this should be a SPECT/CT
performed on day 4 which allows the kidney doses to be approximated using either the
Hinscheid or Madsen approximation which can both be used to estimate kidney doses
with similarly accuracy, although the Hénscheid approximation is more accessible when
the local T},—cfr is unknown.
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