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SPECT/CT for Dosimetry

Stephan Walrand and Michel Hesse

3.1 Introduction

Likely, most nuclear clinicians will naturally
acknowledge that SPECT/CT is the best tool
beside PET/CT to get an accurate individual
dosimetry in internal radiotherapy. But is it really
needed? Often, internal radiotherapies are per-
formed without any real individual dosimetry
assessment. So why should we use the state-of-
the-art SPECT/CT system?

This practice is linked with two wrong beliefs
commonly spread in the nuclear medicine com-
munity: increasing the tumours absorbed dose a
little bit can just improve a little bit the patient
outcome, and the efficacy of external photon
beam radiotherapy improved because the irradia-
tion devices improved, so our only option is also
to improve our tumour tracers.

The first belief comes from the way we are
used to assess the efficacy of internal radiothera-

Preamble

Versus the previous 2013 version, recent breakthroughs in
the field lead to add 6 new subsections to the “SPECT/CT
based dosimetry studies” section, while two new sections
have been added to the chapter. The conclusion has thus
been fully re-written.

S. Walrand (><) - M. Hesse

Nuclear Medicine, Université Catholique de Louvain,
Brussels, Belgium

e-mail: stephan.walrand @uclouvain.be;

michel.hesse @uclouvain.be

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022

pies, i.e. by measuring the change in tumour size
or in metabolism a few months after the therapy.
And indeed, in this case, increasing a little bit the
absorbed dose just increases a little bit the
response, as early tissue (organ or tumour) toxic-
ity is a smooth function of the absorbed dose [1-
5]; killing a fraction of the tissue cells reduces the
tissue metabolism by a similar fraction.
However, late tissue toxicity owns an absorbed
dose threshold [6-8]; above a critical fraction of
cells killed, the tissue will not be able to recover,
and will ‘die’. Decay, production of free radicals
by ionisation, hits of the radicals to the DNA are
all random process. The recovering capacity of a
tissue depends on its state. As a result, the normal
tissue complication probability (NTCP) and the
tumour control probability (TCP) are not step
functions, but are quite steeply S-shape func-
tions, i.e. going from O to 1 within a few Gy. In
addition, the dosimetry of critical organs is highly
patient dependent [1]. It is thus of paramount
importance to give the maximal activity to the
patient that is still safe for him. Indeed, for some
patients, the resulting increase in the tumour
absorbed dose, even small, could be sufficient to
shift from a cancer relapse to a controlled dis-
ease. In external beam radiotherapy (EBRT), this
feature is called the therapeutic window.
Figure 3.1 illustrates this concept applied to
Y-DOTATOC used in peptide receptor radio-
therapy (PRRT). Even if dosimetry assessments
are not accurate enough to ensure being in nar-
row therapeutic windows, the maximal chance
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Fig. 3.1 TIllustration of the therapeutic windows (TW)
concept applied to “Y-DOTATOC PRRT. The disease
control probability (DCP) and kidney NTCP were com-
puted for their respective minimum, median, and maxi-
mum dosimetry measured by *Y-DOTATOC PET in the
phase 1 clinical study using amino acid infusion [1, 9].
The curves were computed for a disease owning five
tumours, and the tissue radiation tolerance parameters
were extracted from [6, 10]. For a patient owning both the

for the patient outcome is to be as close as possi-
ble to his individual therapeutic window.

During the last decades, the efficacy of EBRT
and the sophistication of the devices used have
increased together. From these points of view, the
recent CyberKnife system is really impressive
[11]. In reality, there is no real innovation regard-
ing the CyberKnife hardware (the knife part); it is
the combination of a linear accelerator and of a
standard industrial 6-axis robot used in car manu-
facturing, both existing since three decades. So
why did this system appear only recently? The
major benefit of the CyberKnife is to allow
decreasing the absorbed dose to the critical tis-
sues by increasing the number of different beam
paths crossing the patient body to target the
tumour. This (the cyber part) required motion
tracking and an accurate individual treatment
planning that uses state-of-the-art multimodality
imaging [12-14] including elaborated Monte
Carlo simulations of the absorbed dose spreading
along the beam paths. This feasibility results
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median tumour and median kidney dosimetry, W3 is a
good TW choice giving a probability of 90% to be cura-
tive and of 10% to get a late renal failure. If his tumour
dosimetry is the maximal one observed, then W2 is a bet-
ter choice avoiding any risk of late renal failure. A patient
with the maximal kidney dosimetry observed can be cured
only if he also owns the maximal tumour dosimetry
observed (W1)

from the continuous development of such treat-
ment planning assessment in EBRT during the
last decades [15].

Internal radiotherapy had the good fortune to
begin with two pathologies owning a large thera-
peutic window: the radio-synovectomy and the
thyroid cancer *'I radio-ablation. These two ther-
apies were used with success by simply injecting
a standard activity. Sometimes, an early success
durably formats the behaviours, and despite a lot
of efforts spent during two decades, no such ideal
radio-compound was found for the other cancers.
For the patient benefit and also for the long-term
future of nuclear medicine, we have to push the
available internal radiotherapies to their optimal
efficiency by performing an individual treatment
planning at the same quality level than that rou-
tinely performed in EBRT. This was formalized
by the European Union Council in its 2013/59/
Euratom directive [16]. That directive equates
radionuclide therapies with EBRT regarding the
necessity to get dosimetry as precise as possible
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to treat patient lesions in an optimized way while
preserving healthy tissues. Let emphasize that a
dosimetry method displaying a good dose—toxic-
ity correlation on a patient’s sample is not suffi-
cient; as the goal is to inject to the patient the
maximal activity that he can safely receive, the
dosimetry has to be accurate on a patient per
patient basis.

3.2 SPECT Versus Planar

There are four effects which definitely disqualify
the use of planar-based dosimetry in most of
internal radiotherapies: (1) y-rays attenuation-
scatter, (2) tissues overlapping, (3) multi-
compartment organ and (4) heterogeneous organ
uptake.

1. There is no way to accurately correct gamma-
ray attenuation in planar acquisition; use of
conjugated planar views, even jointly with a
planar transmission scan, is a crude approxi-
mation. This method is only valid for an infi-
nitely thin organ without any other activity
overlapping. Use of a point scatter kernel to
correct for the organs cross-contamination is
hampered by the lack of information about the
activity depth distribution. This cross-
contamination is very cumbersome regarding
that biological half-life of the organs is differ-
ent and that the critical organs can be located
close to tissue owning higher activity, such as
liver, spleen, tumour, bowels close to the kid-
neys in PRRT.

2. The critical organs can partially or fully be
overlapped by higher taking up tissues. Often,
this problem is casually considered and sev-
eral papers proposed patient dosimetry assess-
ment based on planar views using correction
method for the overlapping issues. But to our
knowledge, only one [17] presented a valida-
tion on phantoms, which should be done for
all proposed methods. However, these phan-
toms were simple: no full overlap, identical
effective half-life for the different tissues and
no appearing and disappearing activities
(bowel in PRRT). Let emphasize that such
overlap correction methods have to accurately

work for the worst patient case to whom it is
not ethically defendable to tell that we cannot
do an accurate treatment planning, because
we chose to not use the best tool.

Sandstrom et al. [18] compared the
absorbed dose assessed from conjugate planar
views and SPECT/CT in 24 patients imaged
1, 24, 96 and 168 h post '"Lu-DOTATATE
therapy. Both modalities were corrected for
attenuation; a ’Co transmission scan was per-
formed with the planar modality for this pur-
pose. The planar view to SPECT total kidney
absorbed dose ratio ranged from 0.8 to 5.4.
Six patients out of 24 had a relative deviation
higher than 40%. This clearly disqualifies pla-
nar imaging in PRRT pre-therapy planning.
Garkavij et al. [19] observed the same prob-
lem, in 16 patients also treated with ""Lu-
DOTATATE, although with a lower maximal
planar view to SPECT total kidney absorbed
dose ratio of 1.8. The reason explaining this
huge discrepancy between planar and SPECT
based dosimetry, in both studies, originated
from significant radioactivity overlap as illus-
trated in Fig. 3.2. In an older **Y-DOTATOC
study, Valkema et al. reported that organs
overlapping prevent accurate planar dosime-
try assessment underwent in 6 out of 43
patients [20].

. Some critical organs own several compart-

ments displaying different uptakes, biological
washouts, and radiosensitivities. For example,
in PRRT, the renal cortex and medulla repre-
sent about 70% and 30% of the kidney activ-
ity, respectively [21]. The critical tissue, i.e.
the glomerular, is located into the cortex. The
medulla to cortex S-factor is about one-fourth
of that from the cortex to the cortex [22]. The
volume, uptake, and biological washout of
these compartments are also patient-
dependent [1, 23]. These three points require
separately assessing the number of decays
occurring in the medulla and in the renal cor-
tex, which cannot be done in planar view.

. Even if the organ has a homogeneous radio-

sensitivity, i.e. the spatial variations of the
radiosensitivity are smaller than the ionizing
particle range, such as the liver in
Y-radioembolization, assessing the intra-
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Intestinal activity

Kidneys :

Fig. 3.2 Two images illustrating an imaging situation
that results in an overestimated absorbed dose to the kid-
neys. The activity uptake in the contents of the intestine
that overlaps the kidney in the planar image (as indicated
by dashed lines) contributes to the absorbed dose, which

organ absorbed dose distribution 1is still
needed. Indeed, studies have shown that the
NTCP does not depend only on the mean
organ absorbed dose but also on its distribu-
tion [24, 25]. NTCP can be calculated using
the equivalent uniform dose (EUD) formalism
that account for the absorbed dose distribution
[10]. For homogeneous density organs, the
EUD can be computed based on a fast convo-
lution of the SPECT image by a dose deposi-
tion kernel, preferably deconvolved by the
SPECT system spatial resolution [26].

Lastly, the argument, which is still sometimes
advanced nowadays [17], that planar views have
to be used because SPECT is too much time con-
suming, is not relevant. Irradiating a patient from
the inside is a medical act as serious as irradiating
him from the outside and should be done in the
same sophisticated way.

3.3  SPECT/CT Versus SPECT

Hybrid SPECT/CT system allows a better co-
registration accuracy of the two modalities than
that obtain by trying to acquire the patient with
exactly the same geometry in two different sys-
tems or than to use delicate non-rigid fusion. This
favourably impacts the activity quantification.

is not the case in the single-photon emission computed
tomography image. Note that the overlapping activity is
difficult to detect in the planar images. Reprinted from
[19] with permission of John Willey and Sons

Regarding dosimetry assessment, this also helps
to link the activity observed to the tissue owning
it.

Activity quantification requires the knowledge
of the patient attenuation map. SPECT systems
equipped with a gamma-ray transmission source
are rare. The attenuation map can be derived
from the CT Hounsfield values using appropriate
rescaling [27]. The issue regarding the additional
irradiation received by the patient from the CT
performed at the different SPECT time points
needed to assess the pharmacokinetics is purely
philosophical regarding the four higher order of
magnitude of the absorbed dose received during
the therapy.

Recent literature review showed that SPECT/
CT performed better in absolute quantification
than conventional SPECT system [28]. On acqui-
sitions of a torso phantom, Shcherbinin et al. [29]
reported errors between 3% and 5% for the iso-
topes #™Tc, 21, B'T, and ""'In. The phantom con-
tained two sources centrally and peripherally
placed with no surrounding activity. For *™Tc in
a cardiac torso phantom, Vandervoort et al. [30]
reported an error of 8% in simulation and within
4% for the acquisition. Both studies included
attenuation, scatter and collimator PSF in the
iterative reconstruction.

Willowson et al. [31] evaluated SPECT/CT
quantification for *"Tc¢ in phantoms and in
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patients. The acquisitions were first corrected for
scattering using a transmission-dependent scatter
correction (TDSC) method developed on site,
and afterwards reconstructed with a commercial
OSEM software. The scatter-corrected data, the
associated  reconstructed data and the
co-registered attenuation map were then passed
to an iterative Chang attenuation correction algo-
rithm using the CT-derived attenuation correction
map. Last, a dead-time correction was performed.
In the torso phantom, the relative deviation of the
total liver-specific activity assessment was 2%.
Clinical evaluation in 12 lung ventilation/perfu-
sion studies after injection of calibrated **™Tc-
MAA activity gave a relative deviation ranging
from —7.4 to 3.7% (mean absolute relative devia-
tion of 2.6%).

Beauregard et al. [32] evaluated a commer-
cially available SPECT/CT system in quantita-
tive '”’Lu imaging using the manufactory iterative
reconstruction algorithm that included CT-based
attenuation correction, scatter correction using a
triple energy acquisition window and collimator
PSF. In addition, they added a camera sensitivity
calibration function of the count rate in order to
correct for the dead time. They performed seven
acquisitions of a 20 cm-diameter phantom with
background activity ranging from 0 to 1 GBq
including two cylindrical active sources indepen-
dently ranging from 0 to 0.7 GBq. The deviation
activity ranged from —9.5% to 4.1% and from
—14.9% to 4.3%, for the whole phantom and for
the sources, respectively. The total body activity
deviation on five treated patients versus the
injected activity (mean =+ std. activ-
ity = 8.9 £ 0.9 GBq) ranged from —4.9% to 0.0%
with dead time correction (from —15.2% to
—10.2% without).

Those studies show that SPECT/CT can be
used for individualized dosimetry treatment plan-
ning. The maximal safe activity found to be
injected can be reduce by 10% in order to account
for the current quantification accuracy.

Ahmadzadehfar et al. [33] evaluated the
impact of *"Tc-MAA SPECT/CT on SIRT treat-
ment planning and its added value to angiogra-
phy in 90 studies performed on 76 patients. The
accurate co-registration of the two modalities

obtained with a hybrid SPECT/CT system allows
determining in a robust way which tissue corre-
sponds to the activity observed (Fig. 3.3).
Extrahepatic accumulation was detected by pla-
nar imaging, SPECT and SPECT/CT in 12%,
17% and 42% of examinations, respectively. The
sensitivity for detecting extrahepatic shunting
with planar imaging, SPECT and SPECT/CT was
32%, 41% and 100%, respectively, all with a
specificity higher than 93%. They concluded that
9mTc-MAA SPECT/CT is valuable for identify-
ing extrahepatic visceral sites at risk for postra-
dioembolization complications.

3.4  Choice of a Surrogate

Y is the majorly used radionuclide in internal
radiotherapy which does not own any isotope
having an appropriated half-life and emitting
y-rays that can be imaged by SPECT. The choice
of the good SPECT surrogate is a crucial point
which has not yet been sufficiently investigated.
Y is mainly used in PRRT, radioimmunother-
apy and liver radioembolization.

When introducing PRRT, the community
thought that tissues uptake should mainly depend
on the peptide, perhaps a little bit on the chelator
and marginally on the radionuclide which is con-
fined in the chelator cage. Later, Reubi et al.
showed that receptor affinity for a same chelator-
peptide also strongly depends on the labelled
radionuclide [34], e.g. by a factor 2 when replac-
ing Y by Ga in DOTATATE labelling. However,
contrary to tumours, organ uptakes are not always
only receptor-dependent. For example, an impor-
tant part of the **Y-DOTATOC kidney uptake is
not receptor-dependent, and !''In-DOTATOC-
based dosimetry has shown a good correlation
with kidney toxicity post therapy [6].

Howeyver, this shows that the choice of a radio-
nuclide surrogate for individualized treatment
planning in PRRT requires an initial validation
proving identical pharmacokinetics along a
patient-per-patient basis. Such studies in PRRT
are still lacking. This validation can be performed
by imaging the *°Y therapy by bremsstrahlung
SPECT or by PET imaging of the compound



2

S. Walrand and M. Hesse

Fig. 3.3 Duodenal accumulation (arrows) in a patient
with colorectal cancer, not definable on planar images:
planar scan (a), SPECT/CT coronal view (b), and CT

labelled with %°Y [35]; however, both modalities
require state-of-the-art correction methods.

In radioimmunotherapy, Minarik et al. [36]
compared in three patients the absorbed doses
obtained from a pretherapeutic 300 MBq
n-ibritumomab SPECT/CT to those obtained
post *°Y-ibritumomab therapy by bremsstrahlung
SPECT/CT using corrections developed on site
(see Bremsstrahlung SPECT/CT chapter). The
absolute relative differences between absorbed
dose computed from '''In and Y SPECT/CT
were 8.8 = 13.7 and 8.9 + 4.0 (mean = std. in %),
for the liver and kidneys, respectively. This sup-
ports considering "'In as a surrogate of Y in
radioimmunotherapy. Compared to peptides, the
active site in antibodies is located farther from
the radionuclide which likely reduces its impact.

coronal view (c). Reprinted from [33] with permission of
the Society of Nuclear Medicine

However, a validation on a larger patient series is
still needed.

For *Y-loaded glass spheres, Chiesa et al. [25]
performed in 35 patients a co-registering of the
#mTc-MAA SPECT with the °Y bremsstrahlung
SPECT. In the 29 patients treated with the same
intentional catheter positioning that in the pre-
therapeutic study, the biodistribution was mark-
edly different between the two modalities in two
patients (7%) and seems only attributable to the
different physical properties of spheres and
MAA.

For °Y resin spheres, Jiang et al. [37] con-
ducted an interesting study in 81 paired *™Tc-
MAA and *°Y bremsstrahlung SPECT performed
in 75 patients, the catheter being intended to be
set in the same position in the two radioemboliza-
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Fig. 3.4 Summary of results from [37] that analyzed in
the angiograms the catheter tip position in paired studies
showing a segmental perfusion difference (SPD) between
#mTc-MAA and Y SPECT, i.e. 31 out of 81 resin spheres
radioembolizations

tions using angiography. They observed a seg-
mental perfusion difference (SPD) between the
two SPECT modalities in 31 patients. Analyzing
the position of the catheter tip on the two angio-
grams performed, they noted that 24 SPDs cor-
respond to a different tip position between the
two radioembolizations, 2 SPDs occurred with
the same tip position, but close to an arterial
bifurcation or close to a small branch (Fig. 3.4).
However, in 5 SPDs, no particular specificity was
evidenced besides the physical properties of the
particles.

The correlation dependence on the distance
between the catheter tip and the first arterial
branch was recently confirmed for *Y-loaded
glass spheres radioembolization in 23 patients
[38]. A better correlation was also observed for
non-tumoral tissue versus tumours [39, 40].

In a recent study, Smits et al. [41] showed
that a 'Ho-scout SPECT/CT performed in the
morning of the therapeutic '**Ho radioemboli-
zation, itself performed in the afternoon, pro-
vided better tumour dose estimation than a
#mTc-MAA SPECT/CT preformed 4 days ear-
lier. However, it is not clear whether this
improvement is attributable to the use of the
same device or to the shorter delay with the
therapeutic procedure. Good agreement was
obtained for both procedures for the non-
tumoral dose prediction.

The same team also observed a good agree-
ment for the LSF [42], while ®™"Tc MAA system-
atically exhibited an LSF overestimation likely
related to the physical differences between the
two devices. Similar overestimation is observed
in Y-loaded glass spheres radioembolization
using #"Tc-MAA SPECT/CT [43], with the
overestimation still being larger using planar
imaging [44, 45]. In a phantom study, Kunnen
et al. [46] proved dosimetry feasible using a safe
100 MBq Y scout activity.

The readers can find a detailed discussion
about the challenges of individualized radioem-
bolization therapy using *"TC-MAA SPECT/CT
[47].

3.5 SPECT/CT-Based Dosimetry
Studies
3.5.1 Yttrium-90 Spheres

Dose-Response

Garin et al. [7] performed a dose-response retro-
spective study in 36 patients for HCC treated
with Y-loaded glass spheres. The absorbed
doses to liver and tumours were assessed using
the *"Tc-MAA SPECT/CT performed within
1-2 weeks before the therapy and iteratively
reconstructed with attenuation and with dual-
energy windows scatter correction. The catheter
line was counted after therapy in order to esti-
mate the actual injected activity. The planned
absorbed dose to the targeted liver volume was
120 Gy based on the MAA, without exceeding
30 Gy for the lungs. Compared to the planning
only using the lung shunt and the targeted liver
volume, this dose assessment allowed increasing
the injected activity in four patients owning large
lesions. Mean absorbed doses for non-responding
and responding tumours were 124 + 63 Gy and
328 + 107 Gy, respectively. The 30 months over-
all survival evidenced a 205 Gy tumour absorbed
dose responding threshold.

Chiesa et al. [48, 49] retrospectively analyzed
treatment with *Y-loaded glass spheres in 52
patients (36, 7 and 9 Child Pugh AS, A6 and B7,
respectively). Voxel dosimetry was computed
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from the *"Tc-MAA SPECT performed within
3—4 weeks before the therapy and corrected for
attenuation using CT co-registration. All the
administrations were lobar, aiming to deliver a
mean absorbed dose of 120 Gy to the target lobe
including tumour based on the lobe mass mea-
sured on CT. There was an overlap in the absorbed
doses of the non-responding tumours
(0 — 500 Gy) and of the responding tumours
(250 — 1500 Gy). Kappadath et al. [50] using
Y-bremssthralung SPECT/CT-based dosimetry
for glass spheres HCC radioembolization in 34
patients also observed such large doses overlap
between non-responding and  responding
tumours.

Strigari et al. [8] retrospectively analyzed
HCC treatment with °°Y-resin spheres in 73
patients. The administered activity was deter-
mined using the BSA method. Entire liver was
treated in 35 patients, a right and left lobar
approach was used in 35 and 3 patients, respec-
tively. The liver and tumour dosimetry was
assessed on the fusion of the pre-therapeutic
#mTc-MAA SPECT with a CT using a dedicated
software. An elliptical constant attenuation map
was used in the SPECT reconstruction with an
effective attenuation coefficient of 0.11 cm™! to
account for the scatter. The TCP fit, based on
RECIST or EASL criteria, showed that two dif-
ferent radio-resistant tumour populations coex-
isted: 60 and 40% of the tumours had a TDs,
around a BED of 50 and 130 Gy, respectively.
Complete response was observed in all tumours
above BED =200 Gy (AD = 145).

This much higher threshold for tumour
response observed in liver-radioembolization
studies compared to the traditional 40 Gy
observed in EBRT is partly explained by the fact
that in internal therapy due to the beta range, the
outer shell of the tumour receives about half of
the mean absorbed dose.

3.5.2 Yttrium-90 Spheres
Dose-Toxicity

In the study [8] summarised here above, Strigari
et al. measured a median liver dose of 36 Gy

ranging from 6 to 78 Gy. 58, 13 and 2 patients
were classified Child-Pugh A, B and C, respec-
tively. The liver was considered as a purely paral-
lel organ (n = 1 in the Lyman—-Burman Kutcher
model). Liver BED was computed with
alfp = 2.5 Gy and using 2.5 h for the sublethal
damage repair half-time. The common terminol-
ogy criteria for adverse events (version 4 National
Cancer Institute, Cancer Therapy Evaluation
Program) was used to qualify late liver toxicity
(4.5 months follow-up). Figure 3.5 shows the
liver toxicity—dose relationship considering
grades >2 as liver toxicity threshold, i.e. at least
severe or medically significant.

In the study [48, 49] summarised in the previ-
ous section, Chiesa et al. assessed the liver toxic-
ity as the occurrence, during the first 6 months
after therapy, of any of: clinically detectable asci-
tes, hepatic encephalopathy, bleeding from
oesophageal varices, total bilirubin >3 mg/dL
and prothrombin time INR (international normal-
ized ratio) >2.2. Figure 3.6a shows that the NCTP
strongly depend on the Child Pugh status.
Figure 3.6b shows that for Child Pugh A, the
NCTPs, occurred around AD = 100 Gy, twofold
higher than the AD = 50 Gy observed by Strigari
et al. (Fig. 3.5).

Compared to resin spheres, the lower toxicity
and efficacy per Gy of the glass one result from a
much higher dose distribution heterogeneity as
proved by Monte Carlo simulations of spheres
transport in hepatic arterial tree [51-53]. d‘Abadie
et al. [54] taking this heterogeneity into account,
using Y TOF-PET-based EUD, reunified
observed dose-responses between glass spheres,
resin spheres and EBRT together.

3.5.3 Yttrium-90 PRRT

Pretherapy dosimetry with 3Y-DOTATOC PET
gave impressive renal and bone marrow dose—
toxicity correlation in *Y-DOTATOC therapy [,
2]. However, its cost, and also the need to infuse
amino acids to mimic the therapy, prevent its use
in clinical therapy. Fortunately, *Y-DOTATOC
therapy is performed in several cycles in order to
reduce the organs toxicity, and thus dosimetry
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performed after one cycle can be used to opti-
mize the activity to be injected in the next one.

Menda et al. [55] conducted a prospective post
cycle renal dosimetry using *°Y-bremss. SPECT/
CT in 25 patients having neuroendocrine
tumours. A *°Y TOF-PET/CT [56] was used at
the first time for BREMSS for SPECT/CT
calibration purpose. The study confirmed the
very high variability of inter-patient renal dosim-
etry as already observed using 3¢Y-DOTATOC
PET [1], advocating the interest to individually
optimize the injected *°Y activity.

3.5.4 Holmium-166

Smits et al. [57] conducted a phase 1 dose-
escalation study in '*Ho liver radioembolization
with a state-of-the-art design. 6, 3, 3 and 3
patients received activities in order to get a
whole-liver absorbed dose of 20, 40, 60 and
80 Gy, respectively, calculated assuming a homo-
geneous distribution of the activity in the whole
liver, i.e. neglecting the tumour liver burden.
After coil embolization of undesirable artery
branch, #"Tc-MAA was injected and followed
by a SPECT or SPECT/CT imaging. Within
2 weeks, a second angiography was performed
with injection of a 250 MBq scout activity of
166Ho spheres followed by a SPECT or SPECT/
CT imaging. The same day, a third angiography
was performed with injection of the therapeutic
166Ho spheres activity. Both '*Ho radioemboliza-
tions intended with the same catheter positioning
than that in the *"Tc-MAA one. SPECT or
SPECT/CT and MRI imaging were performed
3-5 post therapy. In all patients, the three SPECT
modalities showed similar patterns of the pres-
ence or absence of extrahepatic deposition of
activity. Regarding the adverse events, the authors
concluded that 'Ho radioembolization with a
whole-liver dose of 60 Gy is feasible.

In a recent study, the same team showed that it
is advocated to use '*Ho-scout SPECT/CT to
select patients and to personalize the adminis-
tered activity in order to target a mean tumour-
absorbed dose >90 Gy and a parenchymal dose
<55 Gy [58]. In this 40 patients study, only one

CTCAE grade 5 related to the radioembolization
was observed within the 3 months follow-up,
while 90 Gy was the tumour threshold giving a
significantly better patients outcome.

Identifying on *"Tc-MAA SPECT/CT
whether the uptake is located in normal liver or
tumoral tissue can be highly challenging. Stella
et al. [59] conducted a prospective study on 65
1%Ho liver radioembolizations for neuroendo-
crine metastases. Patients were radioembolized
with a scout (n = 29) or a therapeutic (n = 36)
16Ho activity. After the '®Ho SPECT/CT, the
patients remained on the camera table and were
immediately injected with 50 MBq *™Tc-
stannous phytate which accumulates in Kupffer
cells, present in healthy liver tissue, but not in
tumorous tissue. Ten minutes after the injection,
a triple-energy window SPECT/CT was per-
formed. Dosimetry performed on the '*Ho win-
dow SPECT/CT, corrected for °™Tc cross
scattering, was proven sufficiently accurate in
VOIs >25 mL for clinical purpose.

3.5.5 Lutetium-177 Antibody

Woliner-van der Weg et al. [60] calculated the
bone marrow dosimetry for 13 colorectal cancer
patients in 'Lu-labeled di-HSG-peptide ther-
apy. 3D dosimetry was performed on lumbar
vertebrae imaged by SPECT/CT at 3, 24 and
72 h after '"Lu administration. 3D dosimetry
proved superior in identifying patients at risk of
developing any grade of bone marrow toxicity
compared to blood- or 2D image-based
methods.

In a more recent trial, Blakkisrud et al. [61]
studied the bone marrow absorbed dose for 8
non-Hodgkin lymphoma patients treated with
"Lu-lilotomab satetraxetan, with or without
additional cold lilotomab. Using SPECT/CT
imaging of the L2-L.4 vertebrae, they observed
that cold lilotomab administration reduced the
red-marrow absorbed dose. They also obtained a
clear correlation between red-marrow absorbed
dose and hematologic toxicity. They concluded
that, contrary to some non-imaging method, esti-
mations of bone marrow absorbed dose by
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SPECT/CT imaging could be predictive of hema-
tologic adverse events.

3.5.6 Lutetium-177 PRRT

Santoro et al. [62] evaluated the organs at risk in
12 patients treated with '"Lu-DOTATATE using
4 SPECT/CT performed after the first and second
cycles. The mean dosimetry for kidney and red
marrow was 043 = 0.13 mGy/MBq and
0.04 + 0.02 mGy/MBq, respectively. As the max-
imal tolerated dose for red marrow is about ten-
fold lower than that of kidney [2], this explains
why haematological toxicity is the limiting factor
in 26% of individually optimized "Lu PRRT
[63].

Hagmarker et al. [64] using the thoracic verte-
bra activity in ”Lu-DOTATATE SPECT/
CT-planar hybrid method found similar red-
marrow dosimetry, i.e. 0.06 (0.02-0.12) mGy/
MBq in 22 patients without skeletal metastasizes.
They observed a dose—toxicity relation (Fig. 3.7)
in line with that observed in *Y-DOTATOC trial
using *Y-DOTATOC PET-based red-marrow
dosimetry [2]. In 200 patients, Garsk et al. [63]
observed fourfold lower mean blood-based red-
marrow dosimetry, i.e. 0.016 mGy/MBq, which
was unable to predict the haematological toxicity
observed in 40 patients.

Transferrin transchelation [4, 65] is likely the
origin of this difference. Indeed, in this binding
competition, human transferrin benefits from two
major assets versus inorganic chelators:

Fig. 3.7 Blue solid F
circles: relative platelet
counts decrease as a
function of the hybrid
SPECT/CT-planar-based
red-marrow dose in
7Lu-DOTATATE
therapy (reprinted from
[64] with courtesy of Dr.
P Bernhardt). Red empty
circles: decrease
observed in the
“Y-DOTATOC trial
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Relative PLT counts

0.0

— Transferring is an active protein: it has two
domains, each one containing an anion and a
metal binding site. The anion sites act as pad-
locks: when the metal enter into the metal
binding site, the protein geometry changes to
enclose the metal which can be released only
if a synergic anion binds the appropriate anion
binding site [66]. This mechanism ensures
that the metal will only be released at an
appropriate cell target, e.g. in the red marrow.

— Inorganic chelators have to wait the release of
a metal ion by another chelator in order to
bind it, which is rare from a good competitor.
In contrary, kinetics and spectrometry studies
evidenced that transferrin is able to make a
ternary (or mixed) complex with the initial
metal—chelator complex [67]. During the life
of this ternary complex, the metal ion is trans-
ferred from the chelator to the transferrin
metal binding site.

A recent study in human [68] showed that
only 23% and 2% of '"Lu-DOTATATE remain
intact after 24 h and 96 h post injection,
respectively.

The results of these five studies [60—64] urge
for using SPECT/CT in red-marrow dosimetry
for all ""Lu therapies and clearly discard the
unsuitable blood-based estimation which was
although recently used to advocate the useless of
dosimetry therapy planning [69].

Ilan et al. [70] observed in "Lu-DOTATATE
therapy of 24 patients, a correlation between
tumour volume reduction and three time points

L-SPECT
Patients w/o mets.

using **Y-DOTATOC
PET-based dosimetry
added by the authors [2]

0.0 0.4 0.8

1.2 1.6 2.0 2.4 2.8 3.2 3.6

Bone marrow absorbed dose (Gy)
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SPECT/CT-based absorbed dose. The correlation
was remarkably impressive when excluding
tumours smaller than 4 cm.

Advances in computational techniques open
the way to improved corrections methods for
7Lu SPECT/CT: analytical [71] or MC code
[72] to correct for attenuation-scattering and col-
limator penetration; deep learning algorithm in
order to reduce the acquisition time [73].

3.5.7 lodine-131

Gregory et al. [74] studied the quantitative imag-
ing of %I and 'T with different SPECT/CT sys-
tems. Cylindrical phantoms were used for
calibration factors, and 3D-printed phantom
mimicking patient’s activity distributions were
then used to analyze SPECT/CT quantitative
imaging. Their results showed that dead-time and
calibration factors varied between systems, but
that global calibration factors might be used for
SPECT/CT from the same manufacturer and with
the same crystal size.

Dewaraja et al. [75] in 39 patients with
relapsed or refractory non-Hodgkin lymphoma
treated with "*'I-tositumomab observed a clear
separation of progression-free survival for a
tumour dose threshold of 2 Gy. Doses were esti-
mated on three time points SPECT/CT using a
dose planning MC code. This low-dose threshold
is explained by the high radiosensitivity of fol-
licular lymphoma.

3.5.8 Alpha Emitters

Benabdallah et al. [76] evaluated the absolute
quantification of 22*Ra in bone metastasis therapy.
To evaluate the calibration factors, they used the
NEMA IEC body phantom with the spheres filled
with ?2Ra activity concentration ranging from
1.8 to 22.8 kBgq/mL. SPECT/CT was performed
with a camera equipped with a 5/8” crystal and
triple-energy windows around 85, 154 and
270 keV together with three additional windows
for scatter corrections. A TORSO phantom was
then used to simulate tumours with tumour to

normal tissue ratio close to clinical conditions.
They so achieved a quantification of the **’Ra
activity with an error smaller than 19%.

3.5.9 SPECT/CT-Based
Individualized Therapy
Planning

Obsolete medical dogmas are often extremely
hard to clear, the most sad stories being the
numerous decades needed to implement asepsis
in surgery [77] or to treat helicobacter infection
in peptic ulcers [78]. Even Louis Pasteur, show-
ing with his microscope the bacteria’s present on
the lancets, was not able in his lifetime to con-
vince the surgeons to wash their hands and tools
between each patient surgery. Nowadays, despite
clear evidences [79-81] and in infringement of
international authorities recommendations (ICRP
140: first main point, [82]) and rules (Directive
2013/59 Euratom: art. 56, [16]), EANM continue
to claim that radionuclide therapy is just similar
to chemotherapy, avoiding to mention SPECT/
CT in its argumentation [83].

In spite of the abundant literature evidencing
strong dose—response and toxicity relationships
joined to highly patient-dependent pharmacoki-
netics here above discussed, this persistent
dogma prevented up to recently any randomized
trial of individualized therapy planning in molec-
ular radiotherapy. Hopefully, the dynamic and
proactive radioembolization community has seri-
ously considered SPECT/CT and, by using it in
individualized therapy planning, has evidenced
impressive patient outcome improvements [84,
85].

Levillain et al. [84] performed a multicentre
retrospective analysis on 58 patients with intra-
hepatic  cholangiocarcinoma  treated  with
%Y-loaded resin spheres, 47% of them using the
empirical BSA methods and 53% using the
PmTc-MAA SPECT/CT-based partition model.
Median overall survival was 14.9 months using
the partition model, while was only 5.5 months
using the BSA method (Fig. 3.8a). They con-
cluded that SPECT/CT-based personalized activ-
ity prescription should be performed.
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Activity prescription method

— Standard dosimetry group
— Personalised dosimetry group

Personalised dosimetry median
26.6 months (95% Cl 11.7-NR)

Standard dosimetry median
10.7 months (95%Cl 6.0-16.8)

HR 0.421 (95% CI 0.215-0.826), p=0.0096
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Fig. 3.8 Patients’ survival after different liver radioem-
bolization planning. (a) Comparison between empirical
BSA planning and *“*Tc-MAA SPECT/CT-based parti-
tion model (reprinted from [84] with authorization of
Springer). (b) Comparison between standard dosimetry

Garin et al. [85] went one step further in con-
ducting a prospective randomized multicentre
phase 2 trial using *°Y-loaded glass spheres in
patients with HCC. Outcomes were compared
between standard dosimetry aiming 120 Gy to
the perfused lobe and personalised dosimetry
aiming to deliver at least 205 Gy to the largest
treated lesion, both using *"Tc-MAA SPECT/
CT-based dosimetry. The prespecified statistical
criterion for stopping early for efficacy occurred
after 29 and 31 patients being treated with stan-
dard and personalized dosimetry, respectively.
Median overall survival was 26.6 months in the
personalised dosimetry group, while was only
10.7 months in the standard dosimetry group
(Fig. 3.8b).

In parallel to these comparison studies, Del
Petre et al. [86], Sundlov et al. [87] and Garske-
Roman et al. [63] performed SPECT/CT-based
individualized planning ""Lu-DOTATATE ther-
apy in 52, 51 and 200 patients aiming a renal
BED = 27Gy, D = 23Gy and D = 23Gy, respec-
tively. They evidenced that applying the standard
recommendation of four 7.4GBq-cycles results
in undertreating 85, 73 and 49% of the patients.

Garske-Roman et al. [63] observed an impres-
sive progression-free survival (PFS) and overall
survival (OS) improvement of patients who were
able to reach the 23Gy renal dose limit (n = 114)
versus those who cannot due to haematological
toxicities (n = 40) (Fig. 3.9).

T T
5 10 15 20 25 30

aiming 120 Gy to the perfused lobe and personalized
dosimetry aiming at least 205 Gy in the largest treated
tumour, both using *“"Tc-MAA SPECT/CT. (reprinted
from [85] with permission of Elsevier)

The patient outcome improvement observed
in these individualized therapy planning studies
clearly proves the inadequacy of the EANM posi-
tion on radionuclide therapy [83, 88].

3.5.10 Perspectives: Compton
Cameras

Electronic collimation of dual photons emitted
in opposite directions makes PET sensitivity
and spatial resolution better than those of
SPECT by a factor of about 100 and 3, respec-
tively. Early in 1974, such electronics collima-
tion was also proposed for single photon by
using a two layers detector [89]. The first layer
is optimized to favour Compton scattering
while the second is a conventional y camera
that records the scattered gamma-ray. The
Compton relation allows deriving information
about the incoming direction and energy of the
primary gamma-ray (see [90] for a detailed
description of camera principles and recent
developments).

Compared to SPECT using conventional y
camera, Compton camera has the benefit of a
usable wide range of gamma energies from
100 keV to several MeV, of a very large FOV and
of allowing SPECT using a few camera positions,
and in theory even from a single camera
position.
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Fig. 3.9 Progression-free survival (a) and overall sur-
vival (b) in ""Lu-DOTA-octreotate therapy in relation to
absorbed dose to the kidneys, best morphological response

=500

Survival From Start of Therapy (Months)

according to RECIST 1.1, and proliferation rate (Ki-67
index) (reprinted from [9] with courtesy of Dr. Sundin)

Fig. 3.10 Image of a patient injected with 2.9 MBq of
223Ra (reprinted from [92] with permission of Elsevier).
(a): 30 min planar acquisition with a MGEP Anger cam-
era. b: whole-body reconstructed slice from a 10 min

However, during three decades, Compton
camera development was hampered by the lack
of electronics readout sufficiently transparent to
gamma rays in order to use efficient crystals in
the first detector layer. This bottle neck was bro-
ken in 2002 by the development of thin multi-
pixel photo counter (MPPC) [91]. Due to their
capability to image a very large FOV in once,
compact and mobile Compton cameras develop-
ment was boosted after 2011 for the Fukushima
plan survey using helicopters or drones.

Figure 3.10 shows a whole-body SPECT slice
performed post ***Ra therapy using a 22 x 22 cm?
handheld Compton camera developed for the
Fukushima plan survey [92]. A single central
camera position of 10 min and 20 cm below the
patient table was used. Simultaneous use of sev-
eral cameras will significantly increase the imag-

acquisition using a 22 x 22 cm? handheld Compton cam-
era (the left image (a) was rotated to respect orientation,
and dashed square was added to (b) by the authors to visu-
alize the size and position of the camera)

ing quality by increasing the sensitivity and the
range of sampled gamma-ray directions. As most
therapeutic o-emitters, such as ?*’Ra, »Ac and
21As, have high energy gamma-ray emitters in
their daughters cascade, Compton camera will be
the detector of choice in order to perform whole-
body 3D dosimetry post a-therapy cycle [93, 94],
allowing activity optimization for the next cycles.
Obviously, Compton cameras will also be useful
for whole-body 3D dosimetry using conventional
p-emitters.

3.6 Conclusions

These last 3 years, several dynamics teams imple-
mented SPECT/CT-based individualized plan-
ning in *°Y radioembolizations [84, 85] and in
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7TLu therapies [63, 86, 87]. Their results clearly
proved the high-interpatient dosimetry varia-
tions. Impressive patient outcome improvements
were also observed. It is extraordinary to notice
that all these teams are European, while the
EANM persists in claiming that radionuclides
therapy is similar to chemotherapy [83], even
claiming in infringement of international rules
that these therapies can be performed by ‘just
giving a net activity according to the package
insert’ [84], i.e. as such as for conventional drug
therapies.

Other recent SPECT/CT studies [62, 64] also
cleared the persistent assumption that 7’Lu can-
not be taken up by the bone marrow in
"TLu-DOTATATE therapy. Indeed, these studies
evidenced that the bone marrow dosimetry is
about fourfold higher than that estimated using
the blood-based method. Such difference was
already observed 10 years ago in **Y-DOTATOC
therapy using 3¢Y-DOTATOC PET-based dosim-
etry [2, 4]. However, this observation was com-
pletely overlooked in the Erasmus phase I/II or in
NETTER-1 phase III study, which both consid-
ered to only use the inappropriate blood-based
method.

No doubt that these breakthroughs in radionu-
clide therapies will stimulate other teams to move
to state-of-the-art dosimetry planning, a strategy
which made the success of the external beam
radiotherapy.
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