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ABSTRACT
Background: Fractionated therapy with 177Lu-DOTATATE has been reported to be an effective treat-
ment for patients with metastasized neuroendocrine tumors. To optimize the treatment, absorbed
doses to risk organs are calculated for the individual patient. For each organ, absorbed dose due to
activity in the organ itself (self-dose) and that originating from other organs (cross-dose) are calculated
from serial measurements to obtain the activity distribution following treatment. The main aim of the
present work were to calculate the cross-dose contribution to the total absorbed kidney dose.
Methods: Five hundred patients with neuroendocrine tumors undergoing therapy with 177Lu-
DOTATATE were included. Scintigraphic planar whole body images and single photon emission com-
puted tomography/computed tomography (SPECT/CT) over the abdomen were acquired at 1, 4 and 7
days after treatment. Kidney self-dose was calculated based on radioactivity distribution obtained from
SPECT/CT. Cross-dose to kidneys was estimated using organ-based analysis of planar whole body
images and cross-fire dose factors from Olinda/EXM 1.1.
Results: Cross-dose to kidneys in the majority of patients were less than 2% and almost all cross-doses
were less than 10%. Cross-dose exceeded 10% only in rare cases of patients with high tumor burden
and low absorbed doses to kidneys.
Conclusions: The absorbed dose from 177Lu-octreotate to solid organs due to cross-fire is generally
low and can usually be neglected.
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Introduction

During the last decade peptide receptor radionuclide therapy
(PRRT) with 177Lu-DOTA-D-Phe1-Tyr3-octreotate (177Lu-
DOTATATE) has evolved as a treatment option for patients
with disseminated somatostatin receptor positive neuroendo-
crine tumors [1–5]. Similarly to the situation in external beam
radiation therapy, it is assumed that PRRT should aim to
deliver as high absorbed dose as possible to the tumors, while
at the same time the absorbed doses to normal organs, espe-
cially those at risk such as kidneys and bone marrow, should
be kept within the safety margins [1,6–10]. Supporting this, it
has been shown that the therapeutic effect (tumor shrinkage)
of PRRT on pancreatic neuroendocrine tumors correlates with
the absorbed dose to the tumor [11].

The safety limits for the organs at risk at PRRT have
been adopted from dosimetry applied in external beam
radiation therapy where an absorbed dose of 23Gyto the
kidneys results in a 5% risk over 5 years (TD5/5) to
develop radiation nephritis [12]. This has earlier been
determined to correspond to a biological effective dose
(BED) of 38Gy [13]. It was also pointed out that the

uncertainty of this value, due to variance in a/b values,
would be approximately 20% or 8Gy [13]. The conditions
during PRRT are, however, different. Because of the find-
ings of a heterogeneous activity distribution in the kidneys
at a microscopic level, 29 Gy has been proposed as the
maximum absorbed dose to the kidneys [14]. Moreover,
because of the low dose rate in PRRT a maximum BED of
45 Gy for the kidneys was suggested for PRRT using 90Y-
DOTATOC [15].

The current standard in 177Lu-DOTATATE therapy is gener-
ally to administer four 7.4 GBq cycles (29.6 GBq in total)
which is considered safe for the organs at risk. However,
since only 1/74 patients in a recent study [16] showed signifi-
cant renal toxicity (�grade 3) after receiving 14.8 to
37.8 GBq of 177Lu-DOTATATE, the administered activity to the
individual patient could most probably be increased.

In PRRT using 177Lu-DOTATATE, calculation of the
absorbed dose is based on the activity distribution and kinet-
ics over time for the relevant organs and tissues, which gen-
erally is obtained by repeated gamma camera measurements
over time. This is followed by interpolations between the
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measurements and extrapolations before the first and after
the last measurement points. The extrapolations should be as
small as possible and include less than 20% of the decays in
the volume [17].

Since almost 80% of the energy from the 177Lu decay
results from emission of short range beta particles, the
absorbed dose for the kidneys originates mainly from the
organs themselves (self-dose). In a simulation study [18] it
was stated that only a small percentage of the absorbed
dose originated from the cross-dose from the surrounding
organs and that the self-dose alone should therefore yield an
accurate estimate of the absorbed dose. As previously
reported [19–21], the self-dose can be calculated by multiply-
ing the activity concentration for an organ/volume at the
given time point by an almost size independent activity con-
centration dose factor.

The main aims of this work were to calculate the contribu-
tion of the cross dose from other organs to the absorbed
dose to the kidneys. Secondary aims were to calculate the
BED to the kidney and to investigate the number of treat-
ment cycles that may be performed taking into account the
limits of absorbed dose and BED to kidneys or absorbed
dose to bone marrow.

Material and methods

Patients

Five hundred patients (231 female and 269 male) with meta-
static somatostatin receptor-expressing neuroendocrine
tumors treated with 177Lu-DOTATATE were included and all
met previously described inclusion criteria [21]. Median age
was 62.4 years (Range 18–84, mean 60.6). Forty-nine per cent
of patients suffered from metastasized neuroendocrine
tumors (NETs) of the small intestine and 26% from pancreati-
coduodenal NETs. Baseline Chromogranin A was recorded in
125 patients and was elevated in 111 of them (89%). 5-HIAA
was recorded for 72 patients, 69 of them had elevated levels.
Out of 117 patients with initially increased tumor markers (5-
HIAA, tumor hormones and/or chromogranin A) and suffi-
cient follow-up, 65 had a documented decrease during and
after therapy by more than 50% of the level prior to start of
PRRT. Requirement for treatment were a S-creatinine
<110 lmol or, if higher, GFR (cystatin-C) should be >50ml/
min/1.73m2. Only patients with two kidneys were included in
the analysis and thus all 500 patients were included in the
analysis.

177LuCl3 was purchased from IDB Radiopharmacy bv,
Baarle-Nassau, The Netherlands and DOTATATE was a gener-
ous gift from Erasmus Medical Centre, Rotterdam, The
Netherlands.

Since September 2010 all patients were included into a
prospective study (EudraCT no. 2009-012260-14) approved by
the Regional Ethical Review Board in Uppsala. Before that
from 2005 the patients were admitted on a single-patient
basis for compassionate use with individual permission of the
Swedish Medical Products Agency. All patients gave their
written informed consent before inclusion.

Image acquisition

All 500 patients underwent SPECT/CT of the abdomen and
whole-body scintigraphy (anterior and posterior planar
acquisitions) 1, 4 and 7 days after administration of the first
therapeutic cycle of 7.4 GBq 177Lu-DOTATATE. In this study
the absorbed dose to later cycles were assumed to be the
same as in the first cycle. This is a valid assumption on a
group but not for individual patients where (as described
earlier) the effective half-life from the first therapy was used
together with one measurement point [22]. The first 69
patients, underwent imaging on a Hawkeye Millennium VG
(GE Healthcare) dual-head camera equipped with 5/8" NaI(Tl)
crystals and MEGP (medium-energy general-purpose) collima-
tors. A 20% energy window around the two dominant c-ray
energies of 177Lu, 113.0 and 208.4 keV was applied. SPECT/CT,
applying 60 frames with a 60 second exposure time per
frame (30min SPECT acquisition time) was performed over
the upper abdomen including organs at risk (kidneys, liver
and spleen). Whole-body scanning at a scan speed of 7 cm/
min was performed after each SPECT/CT. Immediately after
the day 1 scan, a transmission scan using a 57Co planar
source was acquired using a 20% energy window around
122 keV (scan speed 30 cm/min) and was then repeated with-
out the 57Co planar source to determine the 177Lu back-
ground in the 122 keV energy window. In the next 400
patients imaging was performed on an Infinia (International
General Electric, General Electric Medical Systems, Haifa,
Israel) dual-headed gamma camera with 3/8" NaI(Tl)-crystals
equipped with MEGP collimators. A 20% energy window was
placed around the dominant 208.4 keV gamma ray energy of
177Lu to make the measurements. SPECT/CT of the upper
abdomen including organs at risk, applying 120 frames with
a 30 second exposure time per frame (30min acquisition
time for SPECT) was acquired and whole-body scanning was
performed in the same way as for the VG camera. In the last
31 patients imaging was performed on an Discovery 670 PRO
(International General Electric, General Electric Medical
Systems, Haifa, Israel) dual-headed gamma camera with 3/8"
NaI(Tl)-crystals equipped with MEGP collimators with the
same settings as for the Infinia. For reconstruction, the
ordered subsets expectation maximization (OSEM) algorithm
included in the Xeleris 3.0 workstation (International General
Electric, General Electric Medical Systems, Haifa, Israel) was
used with previously determined default settings (iterative
reconstruction with eight subsets and four iterations followed
by a Hann filtering with a cutoff of 0.85). The images were
attenuation corrected with the concomitantly acquired CT-
based attenuation map.

Absorbed dose calculation

All volumes of interest and regions of interest were defined
using in-house developed software within the Hermes plat-
form on a Hermes HNAC workstation with Gold 2.9 software
(HERMES, Stockholm, Sweden).

In the SPECT images, small spherical volumes of interests
(4ml) were placed in both kidneys over the region of the
highest activity as described previously [21]. This method
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(with PVE correction) has been shown to give an absorbed
dose estimation that is close to a whole organ measurement
[19] and it is much less time consuming to perform. Activity
concentrations were determined for each time point and
time-integrated activity concentration was calculated as the
area under the curve of a single exponential fit (from injec-
tion start to infinity) to the time-activity concentration curve.
Absorbed doses (self-dose) to both kidneys were calculated
by multiplication of time-integrated organ activity concentra-
tion with the appropriate activity concentration dose factor.

To calculate the absorbed dose to a target organ from
other organs (cross-dose) according to what Flemming
described earlier [23], regions of interest were drawn on
attenuation corrected geometric mean images obtained by
planar whole-body scans at day 1 to delineate kidney, liver,
spleen, tumor and whole body. These regions of interest
were subsequently transferred to the day 4 and day 7 images
and the data from the kidney, liver, spleen and tumor were
fitted to a mono-exponential function. Absorbed doses
(cross-dose) to kidneys were calculated by multiplication of
time-integrated organ activity with the appropriate dose
factor.

Absorbed doses to bone marrow were calculated as
described earlier [20] from blood samples assuming the same
concentration to assess the self-dose and whole-body scans
as described above to estimate the cross-doses.

BED calculation

The surviving fraction (S) of target cells of an absorbed dose
(D) can be described by the linear-quadratic (LQ) model
shown by:

S ¼ e�aD�bD2
(1)

In Equation (1) the double-strand breaks introduced by a
single ionizing event are described by the linear component
aD while the quadratic component bD2 describes the dou-
ble-strand breaks introduced by two separate ionizing
events.

Using this model, an estimation of the BED of a thera-
peutic absorbed dose delivered over a continuous period of
time (following injection of 177Lu-DOTATATE) can be
described and cumulative BED over a series of such

treatment cycles is given by [15]:

BED ¼
X

i

Di þ b
a

trep1=2

trep1=2 þ teff1=2

X

i

D2
i (2)

where Di is the delivered absorbed dose for cycle i, trep1=2 is the
repair half-life of the organ and teff1=2 is the effective half-life
of 177Lu-DOTATATE in the organ.

As reported in the literature [24] for therapies with mul-
tiple fractions per day (in this case infinitely many) a/b for
the kidney was set to 2.6 Gy and trep1=2 for the kidney was set
to 2.8 h. The results of the BED calculations were also used,
assuming the same kidney and bone marrow dose for a
given patient on repeated treatment cycles, to determine the
number of cycles that could be administered to each patient
with a maximum of 23Gy (absorbed dose) or 38Gy (BED) to
the kidneys [13], both taking into account the limit of 2 Gy
(absorbed dose) to the bone marrow as well. The percentage
of patients who would reach the dose limit to the kidney or
bone marrow was calculated.

Statistical methods

A Wilcoxon matched-pair signed rank test was used to com-
pare data for the right and left kidney and a p< .05 was con-
sidered significant.

Results

Figure 1 shows the relation between the self-dose and the
total absorbed dose (self-dose and cross dose) (Figure 1(A))
and between the self-dose and the absorbed dose due to
cross dose only (Figure 1(B)). The self-dose for the right kid-
ney (median (range)) was 4.3 Gy (1.6–9.7 ) and the left kidney
4.1 Gy (1.0–9.8). The cross-doses were 0.1 Gy (0.0–0.5) for
both right and left kidney. The total absorbed doses were 4.4
(1.7–9.8 ) and 4.2 Gy (1.1–9.8) for the right and left kidney,
respectively. Although the differences in absorbed dose
between right and left kidney in the individual patients was
sometimes large 0.2 Gy (�4.9–5.3 ), it was not statistically
significant.

BED to the right kidney was 4.7 (1.7 – 11.6) and 4.4 Gy
(1.0–11.8), respectively to the left kidney. In Figure 2 the BED
is plotted versus the absorbed dose (Figure 2(A)) and also

Figure 1. Absorbed doses to kidneys in 500 patients plotted as total dose versus self-dose (A), cross-dose versus self-dose (B).
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the extra contribution for the BED from the absorbed dose is
plotted versus the absorbed dose (Figure 2(B)). The extra
contribution increases with increasing absorbed dose and
was 0.4 (0.1–1.9) for the right kidney and 0.3Gy, respectively
(0.0–2.0) for the left kidney.

With a maximum tolerated absorbed dose of 23Gy to
the kidneys or 2 Gy to the bone marrow, over multiple
treatment cycles assuming the same dose to both kidneys
and bone marrow, the dose-limiting organ was the kidney
in 97% of the patients. When a maximum tolerated BED of
38Gy to the kidney or an absorbed dose of 2Gy to the
bone marrow was applied, the kidney was the dose-limit-
ing organ in 87%. The maximum number of 7.4 GBq ther-
apy cycles per patient was five (2–14) based on the
absorbed dose limits 23Gy to kidneys and 2Gy to bone
marrow and eight (3–20 ) cycles when based on the 38Gy
BED limit to the kidneys and 2Gy absorbed dose to the
bone marrow (Figure 3). According to these results, by
using these absorbed dose limits, about 2/3 of patients
could receive more than the four cycles that has been
considered a gold standard, while some patients (12%)
would reach the dose limit after only 2–3 cycles. With the
BED limit for kidneys combined with absorbed dose limit
to bone marrow, more than 95% of the patients could
receive more than four cycles, while a few patients (0.5%)
would reach the dose limit after only three cycles.

Discussion

The clinical value of PRRT in patients with disseminated neu-
roendocrine tumors has been reported in several publications
[1,2,4,9]. However, many issues remain to be solved in order
to improve and personalize the therapy [25]. There is a gen-
eral agreement in the literature on the importance of individ-
ualized therapy using dosimetry as a tool to achieve an
individual risk-assessment for sensitive organs [26]. Kidney
toxicity is a limiting factor for PRRT, especially when using
90Y [1,7,15]. Renal toxicity with 177Lu-DOTATATE is low,
although the absorbed dose threshold remains to be defined
[4,26].

Dosimetry in 177Lu-DOTATATE PRRT is highly dependent
on the correct input data. Important factors include the
accuracy in the quantitative imaging, the timing of the meas-
urements for a correct estimation of the time integrated
activity concentration/activity and the accuracy of the
absorbed dose calculations.

The main aim of the Uppsala group, working on 177Lu-
DOTATATE PRRT dosimetry, has been dedicated to develop-
ing a clinically applicable and robust dosimetry protocol for
solid organs based on 3-D imaging [19–21]. 177Lu-DOTATATE
PRRT dosimetry based on 2-D imaging suffers from problems
when delineating healthy organ uptake due to overlaying
uptake from tumors and physiological uptake in the bowel
[8,27,28] and is instead best used to provide input data for
cross-dose calculations.

An earlier simulation study [18], showed that the absorbed
dose for the kidneys originate mainly from the organs them-
selves (self-dose) with only a few percent of the absorbed
dose resulting from radiation from other organs (cross-dose)
and therefore implying that the self-dose alone should repre-
sent a good estimate of the absorbed dose. This was verified
in the vast majority of our patients, in whom the extra
absorbed dose was less than 2%, the cross-dose was less
than 10% in more than 97% of the patients and less than
20% in the whole group. For all the patients where more
than 10% of the absorbed dose originated from cross-dose
had an estimated absorbed dose of less than 3Gy per cycle.
In order to individualize 177Lu-DOTATATE PRRT it is important
to keep in mind even for patients with low absorbed dose to
the kidneys and high uptake in the surrounding organs that

Figure 2. BED and absorbed doses to kidneys plotted as BED versus absorbed dose (A) and the contribution of BED that exceeds the absorbed dose versus the
absorbed dose (B).

Figure 3. Maximum tolerable number of cycles in 500 patients with respect to
a maximum of 23 Gy(absorbed dose) or 38 Gy(BED) to the kidneys and taking
into account an absorbed dose limit of 2 Gy to the bone marrow.
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the self-dose still serves as a good estimate of the absorbed
dose.

As shown in Figure 2 the BED was only slightly higher
than the absorbed dose and the extra contribution due to
the BED calculation increased with increasing absorbed dose.
Since the a/b in this case was not determined for the specific
BED calculation for kidneys during any PRRT, but rather for a
more general radiation therapy administering multiple frac-
tions per day, these results should be considered as approxi-
mations. Also the 38Gy BED limit is not certain and really
needs to be verified. Still, the calculations imply that for
PRRT with 177Lu-DOTATATE the BED value is fairly similar to
the absorbed dose value. In the present study, it was shown
that from a dosimetry point of view, based on the absorbed
dose and BED calculations, it should be safe for almost all
patients to receive four treatment cycles of 7.4 GBq
(Figure 3). Furthermore our results imply that the majority of
patients should be able to receive more than four treatments
and this may improve their outcome, as indicated by a previ-
ous study in patients with pancreatic neuroendocrine tumors
[11] showing correlation between tumor shrinkage and
absorbed dose in the tumors. Consequently, our results
emphasize the need for a clinical study in which a higher
dose limit to the kidneys is tested.

The absorbed dose from 177Lu-DOTATATE to solid organs
due to cross-fire is generally low and can be neglected. To
meet the recommendation of at most 20% extrapolated frac-
tional contribution to the determination of kidney absorbed
doses, the first imaging should preferably be performed no
later than 8–12 h and the last measurement at least seven
days after treatment start. According to our results, by using
the 23Gy absorbed dose to kidney and 2Gy absorbed dose
to bone marrow as limits, almost 2/3 of the patients could
receive more than the standard therapy protocol of four
cycles. By applying the 38Gy BED limit for kidneys combined
with 2Gy absorbed dose limit to bone marrow, more than
95% of the patients could receive more than four cycles.
Higher absorbed dose to tumor should improve therapy out-
come, however such a regime would require absorbed dose
calculations for the individual patient.
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