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Abstract

Purpose: Multiple measurements have been required to estimate the radiation dose to the kidneys
resulting from ['”’Lu]DOTATATE therapy for neuroendocrine tumors. The aim of this study was to
investigate the influence of early time-point measurement in the renal dose calculation.
Procedures: Anterior/posterior whole-body planar scintigraphy images were acquired at approx.
1, 24, 48, and 72 h after administration of [177Lu]DOTATATE. Furthermore, we acquired planar
1-bed dynamic recordings in 12 frames (5 min each) during the first hour. We assessed kidney
exposure with a three-phase model consisting of a linear increase to the maximum within the
initial minutes p.i., followed a bi-exponential decline. This three-phase-model served as
reference for evaluating accuracy of dose estimates in 105 kidneys calculated by conventional
mono-exponential fitting of the final three and four whole-body images.

Results: Mean effective half-life times for the reference model were 25.8+12.0 min and 63.9
+17.6 h, predicting a mean renal dose of 5.7+2.1 Gy. The effective half-life time was 46.3+15.4 h
for the last four and 63.3+17.0 h for the last three data points. The mean start of the first whole-
body measurement was 1.2+0.1 h p.i. The ratio of fast to slow phases was 28.1+23.9 % at this
time point, which caused a mean absolute percentage dose deviation of 12.4 % for four data
points, compared to 3.1 % for three data points. At a mean time of 2.4 h p.i. (max 5.1 h), the ratio
of fast to slow phase declined below 5 %.

Conclusions: Kinetic analysis of renal uptake using dynamic planar scans from the first hour after
injection revealed a fast and a slow washout phase. Although the fast phase did not contribute
substantially to the estimated renal dose, it could influence planar measurements performed within
the first hours. We found that the presence of two clearance phases can hamper accurate dose
estimation based on a single-phase model, resulting in approximately 12.4 % dose underestimation,
thus potentially resulting in overtreatment. In the absence of dynamic initial recordings, the first
dosimetry measurements should therefore be obtained later than 3-5 h after ['"’LulDOTATATE
injection. Omitting the early whole-body image reduced the dose estimation error to 3.1 %.
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Introduction and Aim

P eptide receptor radionuclide therapy (PRRT) with
radiolabeled somatostatin analogues has emerged as a
well-established therapy option in the management of
patients with metastasized neuroendocrine tumors (NETs)
expressing somatostatin receptors, according to recently
established guidelines [1, 2]. Currently, the most commonly
used compounds are [*°Y][DOTA® Tyr’Joctreotide
([°°Y]DOTATOC) and ['""Lu][DOTA®, Tyr’]octreotate
(["""Lu] DOTATATE). Response to therapy is encouraging,
with progression free survival of 33 months and overall
survival rates up to 46 months [3, 4]. Although PRRT is well
tolerated in most NET patients, and severe complications are
rare, radiation toxicity remains a therapy-limiting factor.
Whereas hematoxicity is fortunately reversible in most
cases, the kidneys are particularly at risk for overexposure
[5, 6]. Cumulative dose values ranging from 23 to 29 Gy to
the kidneys are reported as acceptable, in the absence of
additional renal risk factors [7, 8].

PRRT with the beta- and gamma-emitting somatostatin
analogue ['"’Lu]DOTATATE is accompanied with fewer
side effects and yet equally successful therapy response rates
as compared to [*°Y]JDOTATOC [3]. Furthermore, Lu-177
lends itself better for performing image-based dosimetric
studies because of the gamma component, which allows
simultaneous scintigraphy marking the beta treatment.
Therapy is usually performed with standard doses of
7.4 GBq per cycle within four to six cycles [2]. Dose
escalation and optimal patient-specific treatment informed
by pre- and peri-therapeutic dosimetry findings, however,
might enable maximal radiation dose to the tumors.

In general, the radiation exposures of the tumor and also
the risk organs have to be monitored at intervals during the
therapy so that total doses in the regions of interest can be
calculated with some accuracy. A few well-selected time
points must serve to this end, sparing the expense and effort
entailed in collecting a prolonged series of measurements. In
this regard, Larsson et al. [9] emphasized the importance of
late time points for estimating radiation dose due to the long
physical half-life of Lu-177. We now aim of optimizing
clinical dosimetry with consideration of the influence of
early time points on the estimation of kidney dose using a
multi-phase kinetic model.

Material and Methods
Patients and Therapy

Patients with histologically proven well-differentiated metastatic
NETs with expression of somatostatin receptors and a Ki-67
proliferation marker under 20 % were treated in multiple cycles
with a default activity of 7.4 GBq ['"’Lu]DOTATATE per cycle.
Labelling of the precursor DOTATATE (ABX GmbH, Radeberg,
Germany) was performed according to the method described by

Breeman et al. [10] with slight modifications. The labelling with
n.c.a. Lu-177 (ITG GmbH, Garching, Germany) was performed
with 125 pg peptide precursor in acetate buffer (pH 4.7). The
radiochemical yield was greater than 95 % and the radiochemical
purity greater than 98 % in the final preparation. For kidney dose
estimation of one treatment cycle, we collected a sample of 64 (27
female, 37 male) consecutive patients (aged 62412 years; range 22—
89 years). In some cases, more than one therapy cycle was used for
the data analysis, resulting in a total of 105 datasets. The
radiopharmaceutical was intravenously infused during 30 min at a
rate of 1.6 ml/min. For prophylaxis against kidney damage, the i.v.
administration of 1 | of an arginine and lysine solution (Pharmacy
of the University Hospital of Munich, Germany) was initiated
30 min prior to the administration of the therapeutic (rate
5.8 ml/min).

Acquisition

Prior to therapy, a diagnostic PET/CT scan (Biograph 64 TruePoint,
Siemens Medical Solutions) using [*®Ga]DOTATATE had been
performed to locate the tumor metastasis and to quantify the maximum
standardized uptake value (SUVmax) of the tumor lesion.

For therapy monitoring and dosimetry estimation, distribution of
the therapeutic agent ['7’Lu]DOTATATE was assessed dynamical-
ly with a dual-headed scintillation camera (E.cam, Siemens Medical
Solution, 16 mm Nal(Tl) crystal) equipped with medium energy
parallel hole collimators. Patients were positioned on the camera
table in supine feet-first orientation. Detector heads were positioned
in the anterior and posterior locations. An energy window was
centered on the major gamma photon peak of the Lu-177 decay
series (208 keV, width=15 %), together with additional windows
(240 keV, width=10 %; 170 keV, width=15 %) to allow for scatter
correction using the triple energy window method. Upon beginning
the ['""Lu]DOATATE infusion, a dynamic sequence of 12 planar
frames (of 5 min each) was initiated in a 128x128 matrix of
4.8 mm pixels. Thereafter, whole-body images were acquired over
20 min in a 1024x256 matrix of 2.4 mm pixels at approximately 1,
24, 48, and 72 h post injection (or day 0, 1, 2, and 3 p.i.). An
example series of posterior images is shown in Fig. 1.

The patient’s urine was collected from a bladder catheter
(female patients) or urine bottle (male patients) from the start of
the infusion until the start of the first whole-body scan at
approximately 1 h post injection to determine the net activity in
the early images. For that purpose, the activity of 1-ml portions of
the urine samples was measured with a high purity semi-conductor
Germanium detector (Canberra Industries Inc. Model Gr0820) from
which the total activity of the entire collected volume was
calculated.

Planar Quantification

Scatter correction was performed according to the triple energy
window method described by Ichihara ef al. [11]. For attenuation
correction, the patient thickness and the kidney thickness were
measured from the CT image, which had been obtained during
diagnostic imaging. Furthermore, the kidney mass was determined
for later dose calculations.

The activity 4; in a source region j was calculated according to
Eq. 1. Attenuation correction was therein performed according to
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Fig. 1 Posterior planar whole-body view approx. 1, 24, 48, and 72 h (from left to right) after administration of

['""LU]DOTATATE.

the method published by Fleming et al. [12] and as suggested in the
MIRD 16 Pamphlet [13] for isolated single source regions, with a
correction for the source region attenuation f; and the source
thickness x; with the coefficient u;.

4= \/EE (1,/2)
T Ve Cinh (u;/2)

where I, and Ip are the counts per second (cps) detected in the
anterior and posterior region of interest (ROI) j. The exponential
term e “<* represents the transmission factor for a patient with the
total thickness x (cm) and with an individual attenuation value u..
For the attenuation coefficients, we used the four component soft
tissue values obtained from the XCOM cross section database [14].
C is the calibration factor for each individual patient and therapy
cycle in cps/Bq determined from the sum of counts in the first
whole-body planar image, divided by the net remaining activity in
this image.

To calculate the kidney counts, ROIs were drawn around
the organ boundaries to scintigraphy, and attenuation corrected
as described above. For background correction, an ROI was
placed in an area without specific tracer accumulation, such as
the lower abdomen or the thigh and subtracted with the method
described by Kojima et al. [15] and presented in the MIRD 16
Pamphlet as “Background Subtraction: A Single Well-Defined
Source Region Surrounded by Regions of Background
Activity” to avoid over subtraction of background activity.
Finally, the sum of counts from a whole-body ROI at day 0
were divided by the total administered activity, less the activity
lost to micturition (1.3£0.5 GBq, range 0.1-2.2 GBq). Only
those organs without allocation of extra activity uptake due to
overlay effects were analyzed; the right kidney was overlapped
by liver activity in many projection images. Therefore, we
decided to investigate solely the effect of early measurement
time points for the left kidney. Patient data was excluded from
this study when overlay of extrarenal activity was present in
the images of the left kidney.

_ Jalr fy
T Vewnx C

(1)

Dose Calculations

The dose calculations in this work were performed according to the
MIRD scheme [16]. The radiation dose is assessed by describing
activity in source regions which irradiate target regions, as well as
self-radiation of the target. The dose to a given target area is then
calculated as the sum of all dose fractions from the source regions.
To simplify the calculation, we assumed that most of the radiation
damage to organs is caused by the beta radiation of Lu-177 and
therefore neglected the irradiation by gamma-photons arising from
other source regions. The mean absorbed dose D to the kidney was
then calculated by:

D=4 xS (2)

A is the accumulated activity in the kidney (as a measure of all

nuclear transitions) and S is the mean absorbed dose per unit
accumulated activity (or the mean absorbed dose per nuclear
transition). We applied a three-phase model (TrBi-exp) consisting
of a linear increase to the maximum within the initial minutes of the
infusion and a bi-exponential decline describing a rapid distribution
phase and a slow washout/elimination phase. The bi-exponential
function was fitted using the nonlinear least squares method in
MATLAB (R2011a, The MathWorks, Inc.). To obtain the sum of
all nuclear transitions, this three-phase model was integrated over
time to infinity. The cumulated activity 4 was then used to
estimate the absorbed dose D together with the kidney-specific S
value for Lu-177 obtained from the RADAR website [17]. A
rescaling to the individual patient kidney mass was performed
according to [18]

m(MIRD)

3)

using the MIRD mass and S values from the kidneys of the adult
phantoms [19].
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Investigating the Effect of Early Time Points

The integrated activity of TrBi-exp served as baseline for
evaluating kidney doses calculated from four whole-body static
images at approx. 1, 24, 48, and 72 h p.i. (4P-fit) or only the last
three whole-body images (3P-fit). We compared a mono-
exponential function with two parameters

folt) =pe?! (4)

as the null hypothesis, with a set of three-parametrical fit
functions as the alternate hypothesis, with fit parameters p; and—in
the case of Eq. 5b as in [20, 21]—with a separate consideration of
the physical decay constant A,y

7100 =p, (e(*pzt) + e(’ﬁﬂ)) (5a)

[a(t) = pye(Prms)i 4 g it (5b)

The most appropriate model f,, (with m being 0, 1, or 2, as
defined in equations 4 and 5) was then chosen by performing the F'
test [20]. For the null hypothesis (null) and the alternative
hypothesis (alt), the squares of the residuals between fitted model
and measured data points were summed yielding SSR,,; and
SSR.y. The corresponding degrees of freedom, DF,,; and DF,;,
were calculated by subtracting the number of fit parameters from
the number of available measurement points. The F' value was then
obtained by:

(SSRnull_SSRalt) DFalt

F =
(DFnull_DFalt) SSRalt

(6)

If the p value was under the significance level of 0=0.05, the
null hypotheses was rejected, and the alternate model was used.
The corrected Akaike Information Criterion (AICc), which is
proposed by Glatting et al. [20] and Kletting er al. [22], is not
here feasible, since AICc requires at least three more data points
than the number of parameters. For the case of the 3P-fit, we used
the mono-exponential function (Eq. 4) with two parameters to
increase the probability for successful fitting of noisy data by
providing a model which has fewer fit parameters than the number
of available data points. Using the model f,, which was selected by
the F test for each individual patient j, we then determined the

percentage deviation of the accumulated activity Zmﬁ ; relative to the

accumulated activity ZT,B,-_, ; of the baseline model TrBi-exp:

Zm '72 rBi,j
%DEV ; = =TI 100 7)

ArBij

Thus, a negative %DEV would indicate underestimation and a
positive %DEV overestimation of the real dose. We calculated the
corresponding mean deviation from baseline for all » patients using
the appropriate model f,, for each patient ; as selected by the F test:

M:%Z|%DEVJ|:%ZM x 100 (8)
=1 i

j=

Ari, |

Results
Calculated Dose with TrBi-exp

All bi-exponential curve fits succeeded, with a mean coeffi-
cient of determination (R) value of 0.995+0.010 and minimum
R? of 0.973. Data for a representative kidney time activity
curve is shown in Fig. 2, with the bi-exponential fit in green.
This bi-exponential consists of two phases, which can interfere
during the first hours. The population mean effective half live
T, was 25.8412.0 min for the fast phase and 63.9+17.6 h for
the slow phase. Using the TrBi-exp model, the mean calculated
dose of all 105 patient datasets was 5.7+2.1 Gy (range 2.5—
13.8 Gy), which gave a mean kidney dose of 0.8+0.3 Gy/GBq
administered. Because TrBi-exp is a linear combination of
three functions, the mean dose factors and the percentage
contribution to the total dose can be specified separately
(Table 1). The kidney masses used for mass correction of the S
values according to Eq. 3 ranged from 104 to 396 g, with a
mean value of 186+45 g.

Dosimetry Using Four Whole-Body Planar Image
Time Points (4P-fit)

Before calculating the accumulated activity from only four
late scintigraphy measurements, the best fitting of a set of
models was chosen with the F test, as described above. In
five of 105 cases, the model f; (Eq. 5a) was favored instead
of the mono-exponential function, for which an example is
shown in Fig. 3a. In this graph, the bi-exponential part of the
baseline function (green), mono-exponential (cyan) and f£;(7)
(purple) functions are visualized. In most cases, the
alternative models were rejected, as illustrated in Fig. 3b,
where the baseline (green) and the mono-exponential (cyan)
fits are plotted together with the fits onto model f;(¢)
(purple). Using the matching fit model for each kidney the
mean R* was 0.965+0.032 for the 4P-fit. Analyzing the fit
parameters indicated an initial mean activity from parameter
p; in the kidneys of 153.8+56.1 MBq (range 71-389 MBq).
For the slow washout parameter, the mean half-life for 4P-fit
was 46.3+15.4 h (range 21.5-90.5 h). The calculated dose
with these parameters was 5.0£1.9 Gy (range 2.5-11.3 Gy).

Dosimetry Using 3 Whole-Body Planar Image
Time Points (3P-fit)

Omitting the first measurement point at approx. 1 h p.i. and
using the mono-exponential fit (3P-fit), the mean R? was
0.983+0.030. Analysis of the fit parameters indicated a mean
initial activity of 126.5£39.2 MBq (range 45-258 MBq) in
the kidneys and a mean effective half-life of 63.3+17.0 h
(range 34.1-115.1 h). The resulting mean dose was 5.6
+2.1 Gy (range 2.5-14.1 Gy).
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Fig. 2 a Time activity curve of the left kidney of a patient with dynamic planar measurement of ['"’Lu]DOTATATE within the
first hour (filled circles) and planar whole body scintigraphies up to 70 h post injection (open squares). The bi-exponential fit is
plotted in green and its two exponentials, which represent the different phase fractions, are plotted in blue (fast; T1,,=31 min)
and red (slow; T4,,=63 h). b This plot focuses on the early phase within the first 6 h indicated by the dashed rectangular area in

Time p.i. [h]

(a) so as to visualize the linear increase to the maximum within the initial minutes of the infusion.

Comparison of Dose Estimation Approaches
with Baseline

The deviation of the dose calculated with 3P-fit (blue) and
4P-fit (red) from the dose calculated with TrBi-exp is
presented for each of the 105 kidneys in Fig. 4a. In only 7
of 105 datasets was the absolute deviation from the
calculated dose higher when the first measurement point
was omitted. We saw a maximum absolute deviation of
41.1 % with the 4P-fit compared to a maximum of 13.8 %
with 3P-fit, calculated relative to the baseline method. The
mean absolute percentage deviation was 12.4+9.2 % with
four points and 3.1+2.5 % with three points. With the
exception of six patients, the calculated dose with four
points was always underestimated, whereas the calculation
with three time points underestimated dose in 65 and
overestimated in 40 cases. Calculated doses of the baseline
model TrBi-exp, 4P-fit, and 3P-fit are shown in Fig. 4b. The
mean dose value with four late points was significantly
decreased compared to the other two methods.

Discussion

Considering the generally impaired health status of most
patients undergoing PRRT, it is mandatory to obtain reliable
dosimetric data with a minimal number of measurements. As
in previous dosimetry investigations [23-25], we decided to
conclude dosimetry monitoring at 72 h because of logistic
reasons. This work is based on the assumption that all
kinetic models are valid beyond the last data point at 72 h
p.i. Although we have no proof that this assumption holds,

others who had measurements available over a longer time
interval, e.g., until approximately 168 h [9, 26, 27], have not
observed a deviation of data and exponential model at later
times. We therefore assume that the models utilized in this
work are suitable descriptions for estimation of the kidney
dose. The contribution of the first 72 h to the kidney dose
calculated using our proposed reference model TrBi-exp was
approximately 54.6+9.2 % (range 34.1-73.7 %).

The limitation to planar scintigraphies is a potential
weakness of this study since quantitation of planar scintig-
raphy is subject to several caveats arising from attenuation
and overlap of tissues. Especially, uncertainties due to
overlap could be prevented, and radionuclide concentration
calculations could be improved by performing 3D dosimetry
based on quantitative SPECT/CT measurements [27]. Recent
SPECT/CT studies utilizing the radionuclide Lu-177 report-
ed encouraging accuracies and methods in quantitative
imaging [28, 29]. The patient group in this study was pre-
selected to contain no obvious kidney overlay in the planar
images; therefore, we did not expect a major influence of
superpositioned organs. Dosimetry from SPECT/CT images
will be addressed in future investigations.

In this paper, we studied the effect of reducing the
number of time samples on the outcome of the dosimetry
calculations, based on various kinetic models and truncation
of the data to as few as three time points. Present data show
that the concentration of radioactivity derived from
['""Lu]DOTATATE in the kidneys is not well described
using a single exponential function; we tested several simple
multi-phase models, the best of which proved to be a model
composed of three phases. Here, the fast initial uptake phase

Table 1. Absolute and relative contribution of the single phases to the total dose function TrBi-exp. Each value was obtained from 105 kidneys

Function Mean [Gy] SD [Gy] Min. [Gy] Max. [Gy] Rel. [%)]
Linear phase 0.03 0.01 0.01 0.08 0.6
Fast phase 0.03 0.03 0.003 0.19 0.6
Slow phase 5.6 2.1 2.5 13.8 98.9
TrBi-exp (all) 5.7 2.1 2.5 13.8 100
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Fig. 3 Example of fit models with four static planar kidney measurement points. a The mono-exponential fit is plotted in cyan
(R?=0.968) and function f4(t) (Eq. 5a) is plotted in purple (R*=0.997). The F test indicated f4(t) to be superior in this case
(P<0.025). For comparison, TrBi-exp is plotted in green. b A representative patient in whom the F test rejected f4(t) . Here, the
mono-exponential fit (cyan; R%=0.994) was superior to the model f4(t) (Eq. 5a, R?=0.541).

was described by a linear increase from time 0 to the time of
maximum tracer concentration in the kidneys and was
followed by a linear combination of two exponential
functions, representing phases of elimination with different
time characteristics. For the group of patients, this model
gave mean effective half-lives of 25.8+12.0 min for the fast
phase and 63.9+17.6 h for the slow phase. In pharmacoki-
netic studies, such results are generally interpreted to reveal
a distribution phase followed by a slow elimination phase.
Comparing the mean relative contributions to the total
absorbed dose (Table 1), we found that almost the entire
dose (98.9 %) is attributable to the slow phase component.
The mean dose values for the left kidney per therapy cycle
were 5.742.1 Gy (0.840.3 Gy/GBq), which is in good
accordance to previous studies [26, 30, 31]. In agreement
with Sandstroem et al. [27] and others [32], we noticed a
wide range of kidney doses (2.5-13.8 Gy; median 5.3 Gy),
likely reflecting a wide range of renal absorption and
elimination parameters of the multi-phase kidney activity
kinetics in this heterogeneous population. The occurrence of
this observed dose variation, where individuals at the high
end might easily encounter radiotoxicity, substantiates the
need for an individualization of the peptide radionuclide
receptor therapy.

A systematic analysis of the observed multi-phase model
yielded the following results; based on earlier reports [13,
27], we at first expected an overall higher dose if the first
data point was measured during the fast elimination phase.
Comparing the mean initial activities in the kidney from 4P-
fit (153.8456.1 MBq) and 3P-fit (126.5+39.2 MBq), indi-
cated a 21.3 % higher calculated dose, as expected for the
4P-fit. Comparing the time activity curve of one represen-
tative patient’s dataset (Fig. 5) indicated a considerable
overestimation of initial uptake, propagating to an artifact of
increased area under the curve within the first days after
treatment. However, we also observed a steeper descent of
the exponential curve caused by the elevated first data point,
which led to systematic underestimation of the half-life of
the exponential. Hence, when integrating these exponentials
to infinity, the area under the entire curve (i.e., the total
dose) would consequently be substantially smaller than as
predicted by the baseline or the 3P-fit models. Consequent
underestimation of the total calculated dose is illustrated by
comparison of Fig. 4.

This finding is in concordance with the earlier observa-
tions of Guerriero et al. [23], who also investigated the
accuracy of estimated dose when certain data points were
omitted. Their remarks on the inadequate number of

a b
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Fig. 4 a Comparison of the percentage deviation to TrBi-exp with all four planar measurement time points (4P-fit; red) or only
the last three planar measurement points (3P-fit; blue) of all 105 patient datasets. A positive value indicates an overestimation
and a negative value an underestimation of the dose. b Boxplots of the dose calculated with TrBi-exp (left), 4P-fit (middle), and

3P-fit (right). Outliers are plotted individually (red).
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Fig. 5 Comparison of fits of planar scintigraphy data with
four points (4P-fit, cyan), 3 points (3P-fit, dashed black), and
the bi-exponential fit (Bi-exp, green) including the dynamic
data during the first 30 min after infusion. The abscissa is
extended to distinguish the gradients of the curves.

available data points to describe multiple phases arose from
SPECT images at comparable time points as in the present
work, except that no dynamic sampling of the initial fast
phase was available to them. Provided with the initial
dynamic data, we concur with their observations.
Furthermore, our data allow us to describe the fast and slow
phases separately and predict a time point after which the
influence of the fast phase onto the overall time activity
curve diminishes. In contrast to [9], where kidney dose was
assessed by four planar images during days 0, 1, 2, and 7,
we did not observe peak activities in the kidneys at day 1 or
later. Omitting the late day 7, data point had a noticeable
effect on the estimated kidney dose in their work. As this
situation is similar to using the 4P-fit in our present work but
with day 2 constituting the latest time point, our findings
indicate that this effect may rather be related to the mixture
of the fast and slow retention phases in the early data points,
but in concordance with [9], the effect could be weakened
when data points later than day 3 are included.

To study the fast-phase influence on the day 0 whole-
body image in some detail, we calculated the ratio between
fast and slow phases from the bi-exponential model. The
mean time of the first whole-body measurement was 1.2
+0.1 h after injection, when the mean relative ratio between
the fast and slow phases was 28.1£23.9 %. The mean time
point at which this ratio fell below an arbitrary value of 5 %
was 2.4 h p.i. (max 5.1 h), whereupon the contribution of the
first phase might safely be ignored. Figure 6 illustrates the
effect on treatment day O of this influenced measurement
onto the percentage dose deviation (compared to TrBi-exp),
when the total dose was calculated with (4P-fit, red) or
without (3P-fit, blue) the day 0 measurement. The
Spearman’s test gave p of 0.91 (4P-fit), indicating a very
strong correlation between the dose deviation and the
contribution of the fast retention phase to the day 0
measurement. In the case of the three time points (3P-fit),
no such correlation was found (p=0.01).

Dose deviation from baseline [%]

-50 L i i L i H i
0 20 40 60 80 100 120 140

Ratio fast / slow phase [%)]
Fig. 6 Percentage dose deviation compared to the baseline
function TrBi-exp with four time points (red) and the last three
time-points (blue) as functions of the ratio of fast to slow
phases at the first whole-body measurement day. A linear
regression is shown for both cases.

The coefficient of determination R*> of the 4P-fit was
consistently high (circa 0.97), which would not in itself alert
to this bias. Nevertheless, the utilization of more sophisti-
cated fitting algorithms, which assign individual weights to
each measurement point, is certainly sufficient to reduce the
mismatch between treatment day measurements and the
chosen mono-exponential kinetic model. Our observations
confirm that high R? values cannot be relied upon as proof of
model fitness but that curve fits should be carefully checked
by an experienced reader. This is illustrated in Fig. 5, where
the 4P-fit results in R? of 0.95, although this fit clearly does
not represent the true situation. The inadequacy of R* as an
indicator for the fit quality of nonlinear functions is in
accordance with Spiess ef al. [33]. When the same model is
applied to only a subgroup of these data, i.e., omitting the
treatment day whole-body scan, the accuracy of the results
could be significantly improved. Nevertheless, limitations
could arise from this reduction of data especially if one of
the remaining measurements is not available due to a
hardware failure or patient discomfort. It is generally
understood that at least three data points are needed for
modelling an exponential phase, as noted by Lassmann et al.
[34].

A mean dose deviation from the 4P-fit of 12.449.2 % in a
single therapy cycle is unlikely to be a factor in the risk for
radiation-induced nephropathy. However, an accumulation
of such dose underestimations in multiple therapy cycles
could well lead to a substantial and relevant underestimation
of total radiation dose to the kidneys. In three of 105
individual cases, we observed a dose deviation for the 4P-fit
of up to 40 %, corresponding to 3 Gy in a single cycle (see
Fig. 4a). In seven of 105 datasets, the underestimation
exceeded 2 Gy. If dose estimates from individuals are used
for designing dosimetry-supported individualized therapies,
the observed underestimations would cause ill-planning of
therapeutic doses of subsequent cycles. Hence, the risk of
receiving a critically high radiation dose increases signifi-
cantly for patients across the treatment cycle.
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Conclusion and Outlook

We studied the effect of reducing the number of measure-
ment times on the outcome of dosimetry calculations based
on various multi-phase descriptions of the kidney activity
following a ['"’Lu]DOTATATE treatment cycle in a series
of 64 NET patients. We found that the majority of the
kidney dose occurs during the slow washout phase, which is
integrated to infinity, as in conventional pharmacokinetic
models. We also found that interference of early measure-
ments by the fast washout phase biases the results,
sometimes resulting in severe underestimation of the kidney
dose. This work demonstrates that the accuracy of dosimet-
ric values for the kidneys largely depends on a proper
determination of the slow phase for renal washout. However,
careful selection of data points avoids errors arising from
integration of unsuitable early data, which may be affected
by the fast phase. These observations support reducing the
number of scintigraphy measurements without compromis-
ing the accuracy of image-based dosimetry. These findings
should facilitate optimized dosimetry scanning protocols,
while minimizing the work load for staff and patients.
Scintigraphy results may generalize to quantitative SPECT
measurements, which are not dependent on the whole-body
calibration. Thus, we recommend starting the first dosimetric
measurement 24 h after radiotherapeutic agent injection.
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