Nuclear Medicine and Molecular Imaging (2019) 53:172-181
https://doi.org/10.1007/513139-019-00588-9

ISSN (print) 1869-3482
ISSN (online) 1869-3474

®

REVIEW

Clinical Applications of Technetium-99m Quantitative Single-Photon
Emission Computed Tomography/Computed Tomography

Check for
updates

Won Woo Lee'?® - K-SPECT Group

Received: 2 January 2019 /Revised: 23 January 2019 /Accepted: 23 January 2019 /Published online: 15 March 2019
© Korean Society of Nuclear Medicine 2019

Abstract

Single-photon emission computed tomography/computed tomography (SPECT/CT) is an already established nuclear imaging
modality. Co-registration of functional information (SPECT) with anatomical images (CT) paved the way to the wider applica-
tion of SPECT. Recent advancements in quantitative SPECT/CT have made it possible to incorporate quantitative parameters,
such as standardized uptake value (SUV) or %injected dose (%ID), in gamma camera imaging. This is indeed a paradigm shift in
gamma camera imaging from qualitative to quantitative evaluation. In fact, such quantitative approaches of nuclear imaging have
only been accomplished for positron emission tomography (PET) technology. Attenuation correction, scatter correction, and
resolution recovery are the three main features that enabled quantitative SPECT/CT. Further technical improvements are being
achieved for partial-volume correction, motion correction, and dead-time correction. The reported clinical applications for
quantitative SPECT/CT are mainly related to Tc-99m-labeled radiopharmaceuticals: Tc-99m diphosphonate for bone/joint dis-
eases, Tc-99m pertechnetate for thyroid function, and Tc-99m diethylenetriaminepentaacetic acid for measurement of glomerular
filtration rate. Dosimetry before trans-arterial radio-embolization is also a promising application for Tc-99m macro-aggregated
albumin. In this review, clinical applications of Tc-99m quantitative SPECT/CT will be discussed.
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Introduction

Nuclear medicine of gamma camera consists of two-
dimensional planar imaging and three-dimensional single-
photon emission computed tomography (SPECT). Planar im-
aging still comprises the major portion of current nuclear med-
icine practice: bone scintigraphy using Tc-99m diphosphonate
is one of the most popular nuclear medicine practices. SPECT
has been mainly used for perfusion studies of the myocardium
or brain, or for organ-specific tomography studies (bone
SPECT, kidney SPECT). Since the integration of SPECT with
CT was introduced over two decades ago [1], SPECT/CT has
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been widely used in a variety of gamma camera imaging prac-
tices [2, 3].

When it comes to quantitation, it is only recently that
SPECT/CT has been considered as a truly quantitative imag-
ing modality. Quantitative nuclear imaging requires the voxel
values in terms of radioactivity/volume (i.e., kBq/mL). PET
was an inherently quantitative imaging modality, even before
CT integration, mainly because of its unique co-incident dual-
photon detection mechanism. The standardized uptake value
(SUV) has been widely used as a useful quantitative parameter
of disease activity while interpreting PET images [4, 5].
Recent advancements in quantitative SPECT/CT technology
are highly dependent on an iterative SPECT reconstruction
method, such as ordered-subset expectation maximization
(OSEM), which incorporates radioactivity correction algo-
rithms such as attenuation correction (AC), scatter correction
(SC), and resolution recovery (RR) during image generation.

In this review, clinical applications of SPECT/CT using Tc-
99m-labeled radiopharmaceuticals will be discussed. Technical
advancements in quantitative SPECT/CT will also be covered,
but for the readers who are more interested in technical aspects,
recent review papers are recommended [6, 7].
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Technical Advancements in Tc-99m
Quantitative SPECT/CT

Attenuation Correction

Attenuation is a count-distorting phenomenon such as scatter-
ing, and attenuation effects often mimic the scatter-induced
count loss. Good attenuation maps can also be used for better
estimation of scattering. Therefore, correction of attenuation
and scattering are highly related to each other, although both
are distinctive interactions between photon and matter [8, 9].
AC is theoretically more complex for SPECT than for PET.
Due to the dual-photon coincidence detection mechanism of
PET, the degree of photon attenuation does not depend on the
location of positron annihilation, but only on the line of re-
sponse, enabling exact AC of PET. In contrast, the degree of
photon attenuation in SPECT is severely affected by the loca-
tion (practically, the distance between the photon emission
source and the detector) and subsequently by the line integral
of linear attenuation coefficients along the path of the photon
[8]. In CT-based AC, linear attenuation coefficients are de-
rived from the Hounsfield unit of CT: look-up tables that
transform the CT values of Hounsfield unit into linear attenu-
ation coefficients at the respective photon energy (i.e.,
140 keV for Tc-99m) are installed in modern SPECT/CT scan-
ners. Here, it is encouraging that although individual linear
attenuation coefficients are affected by CT conditions, the line
integral of those linear attenuation coefficients is less severely
influenced. Therefore, variability in acquisition parameters of
CT (e.g., tube current, tube voltage) may be allowed, to some
extent, without serious effects on AC. Actually, AC by CT
attenuation map is now widely employed in SPECT/CT scan-
ners. CT dose reducing methods such as current modulation
(AutoMA, GE; CareDose, Siemens) and/or iterative CT re-
construction (ASiR, GE) are generally welcome.

Scatter Correction

Compton scattering is the main form of scattering in nuclear
medicine practice. Scattered photons would lose part of their
original energy and trajectory. In the view point of collimated
detectors with limited energy resolution, these deflected pho-
tons would affect quantitative efficacy and image quality. If
original photons that are supposed to hit the detector are
missed out of their trajectory due to Compton scattering, the
apparent result is a count loss, which is hard to distinguish
from photon absorption or attenuation. On the other hand,
some random photons may happen to hit the detector as a
result of Compton scattering. The contribution of extra pho-
tons to the main photo-peak window is estimated to be ap-
proximately 30—40% [10]. Therefore, SC will reduce apparent
overestimation of true counts. Numerous SC methods have
been suggested, ranging from the simplest narrowing of the

photo-peak window to the most complex scatter simulation
methods. As for Tc-99m, the dual-energy window (DEW)
method seems to fit for SC of 140-keV photons. Typically,
the main photo-peak is set around 140 keV with + 10% win-
dow (126—154 keV) and the lower energy scatter window
around 120 keV with £5% window (115-125 keV).
Currently, SC is not simply a subtraction of the scatter counts
from the main counts, but it is integrated into the OSEM
reconstruction process with other radioactivity correction
algorithms.

Correction of Collimator-Detector Response

Photons from patients differentially interact with the collimat-
ed detector, depending on the distance between the patients
and the detector. In other words, the same amount of radioac-
tivity may present to the detector differently, according to the
following variables: geometric response, intrinsic response,
scattering with collimator septum, and penetration through
collimator septum [6]. These variables are essentially related
to the detector properties that change mainly according to the
distance from the patients. The effects of the four variables can
be simulated in advance by scanner manufacturers.
Subsequently, simulated data can be retrieved to correct for
the radioactivity distortions due to the four variables. This
correction algorithm is called point-spread function correc-
tion, high definition, depth-dependent resolution recovery, or
simply resolution recovery [7]. In addition to the quantitative
efficacy of SPECT, using the correction algorithm for the
collimator-detector response, image resolution is also im-
proved and partial-volume correction becomes more effective.

Other Corrections

The triad corrections (AC, SC, and RR) seem to be an absolute
prerequisite of quantitative SPECT/CT and are easily applied
during acquisition/reconstruction processes if gamma cameras
have those options; however, corrections for partial volume
effect, dead-time loss, and patient motions are conditionally
required. Partial volume effects affect radioactivity quantita-
tion in objects smaller than three times the spatial resolution of
the imaging system [7]. If the spatial resolution of reconstruct-
ed SPECT is 10 mm, the partial volume effect would reduce
the true radioactivity up to the lesion size of 30 mm. In this
regard, large organs such as the lungs, liver, kidneys, parotid,
and thyroid are better targets for quantitative SPECT/CT than
small organs such as the lymph nodes, parathyroid, and small
tumors. When it is hard to specifically define the target lesion
in terms of disease involved area (i.c., bone SPECT/CT for
joint evaluation), SUV ., is more useful than SUV ¢, be-
cause it is easier to exclude disease non-involved areas. Dead-
time loss may seriously underestimate true radioactivity if the
activity is highly concentrated in a small area, which is often
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observed for thyroid remnant activity after high-dose admin-
istration of radioactive iodine. However, usual doses of Tc-
99m radiopharmaceuticals are relatively small, typically less
than 20-30 mCi, and highly concentrated activity is hardly
observed. Therefore, dead-time loss may not be significant
for diagnostic quantitative SPECT/CT. Voluntary or involun-
tary patient motions also create problems in accurate quanti-
tation, but they are not unique for SPECT/CT and are being
actively investigated. Finally, decay correction (DC) is a rather
straightforward correction, and a certain reference time should
be determined for DC. Time of injection or time of image
acquisition start can be used as the reference time.

Voxel Size Issues

If single voxel SUV, i.e., SUV ax or SUV i, 18 to be used, the
voxel size of SPECT should be carefully determined. Total
radioactivity concentration, in a macro scale like an organ,
would not change by the acquisition parameters. Even in a
micro scale, if the radioactivity is homogeneously distributed
in a water bath, the radioactivity concentration would be stable
regardless of the location of measurement or the voxel size. On
the other hand, in a given human SPECT/CT image with het-
erogeneous distribution of radioactivity, total radioactivity con-
centration would not be substantially affected, but the local
radioactivity concentration would vary according to the size
of the voxel. The volume of voxel is determined by the zoom
factor during image acquisition, the matrix size, the size of
field-of-view (FOV), and the slice thickness. Slice thickness is
often automatically determined depending on other parameters.

FOV

] Zoom X matrix, .
Voxel size = pixel size X slice thickness

Pixel size =

Then, the highest or the lowest local radioactivity concen-
tration per voxel cannot be the same for the different acquisi-
tion conditions, which requires careful selection of acquisition
parameters for SPECT, if SUV,,,, or SUV,,;, is the main
quantitative parameter for disease evaluation.

Clinical Applications for Tc-99m Quantitative
SPECT/CT

Bone or Joint Disease

The initial clinical application for quantitative SPECT/CT was
reported for the absolute radioactivity concentration in bones
by Cachovan et al. [11]. In that report, the absolute radioac-
tivity in 133 lumbar vertebral bodies was 48.15 £+ 13.66 kBq/
mL, which was obtained approximately 4.5 h post-injection of
Tc-99m diphosphonopropanodicarboxylic acid (DPD) (~
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15 mCi) [11]. Almost similar results were observed in our
institute: the absolute radioactivity concentration in 144 lum-
bar vertebral bodies was 48.2 +13.7 kBg/mL 2-3 h post-
injection of Tc-99m hydroxymethylenediphosphonate
(HMDP) (~20 mCi) (unpublished data). Considering many
different parameters of bone SPECT/CT between Cachovan
(Siemens system) and US (GE system), we could conclude
that state-of-the-art SPECT/CT technology has reached the
level of possible clinical applications.

In terms of quantitative parameters, wide variations of
SUV even in apparently normal bones were consistently ob-
served, but, notably, there was a gradient of SUV from cervi-
cal spines to lumbar spines: the lowest SUV was observed in
the highest vertebrae and the highest SUV in the lowest ver-
tebrae [12]. We also found that the skull had lower SUV than
the cervical spines, and within the cervical spines, higher ver-
tebrae had lower SUV (Fig. 1). Age seems to be negatively
correlated with SUV, whereas bone density as Hounsfield unit
on CT may be positively correlated with SUV [11]. Still, how-
ever, it is safe to state that the SUV in normal bones has not
been thoroughly investigated.

Identification of bone metastasis is a possible application
for quantitative bone SPECT/CT and osteoblastic bone metas-
tasis from prostate cancer, which usually shows high uptake of
bone scan agents, may be distinguished from degenerative
bone disease [12]. However, in other malignant diseases, bone
metastasis may not show high uptake and some tumors are
characteristically negative at the bone scan for bone metastatic
lesions. Therefore, in general, a comprehensive review of all
available imaging studies may be more critical than simply
setting up SUV criteria for bone metastasis identification.

In this regard, non-malignant bone/joint diseases are prom-
ising targets for quantitative bone SPECT/CT. More specifi-
cally, joint diseases such as temporomandibular joint disorder
(TMD) and degenerative knee joint have been successfully
evaluated using SUV ., from quantitative bone SPECT/CT
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Fig. 1 Standardized uptake value (SUV) of the cervical spine and the
skull in 39 patients who underwent quantitative bone SPECT/CT.
SUVean and SUV ., were measured over cervical spines (C1, C4, and
C7) and skull (frontal and occipital). There was a gradient of SUV over
the skull and cervical spines: the skull had lower SUVs than the cervical
spines and the lower cervical spines had greater SUVs than the upper
ones. Data are mean + standard deviation (unpublished data)
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[13, 14]. Traditional lesion-to-background ratios of planar
bone scan were less efficient than SUV ., to classify TMD
[13], and disease severity was more reliably assessed with
SUVmax than with subjective symptoms in patients with de-
generative knee disease [14].

Accessory navicular bone (ANB) is an ossicle that may or
may not elicit an orthopedic problem [15]. Symptomatic ANB
often shows increased bone tracer uptake [16, 17] but a thor-
ough investigation regarding the role of bone SPECT/CT has
never been conducted probably because of lack of objective
methods for the assessment of bone tracer uptake [18, 19]. We
calculated the SUV ., over the ANB and correlated it with
clinical outcomes [20]. As expected, higher SUV .« Was cor-
related with aggressive type of ANB. Interestingly, ultimate
surgical treatment was more frequently observed in patients
with high SUV,,.« (i.e., greater than the SUV .« cut-off of
5.27). These findings suggest that SUV ..., @ quantitative pa-
rameter for bone SPECT/CT, may serve as an objective crite-
rion for surgical treatment decisions for ANB, a hypothesis
that requires further studies. In case of foot SPECT/CT, the
use of immobilization devices was reported to be useful for the
reduction of mismatch between SPECT and CT [21]. For a
multi-center study to be implemented, SPECT/CT protocols
for acquisition and reconstruction should be harmonized. In
case of foot SPECT/CT, the orthogonal position of foot/ankle
achieved by using immobilization devices may enhance clar-
ification of any bone lesions with increased uptake and thus
facilitate proper communication between nuclear medicine
physicians and clinicians (Fig. 2).

Thyroid Disease

Tc-99m pertechnetate enters into thyroid follicular cells via
the sodium-iodide symporter but is not retained within the
thyrocytes due to lack of retention mechanisms [22, 23].
However, it is well known that the uptake of Tc-99m
pertechnetate is relatively stable during 20-30 min after intra-
venous injection [24]. Thus, because we can assume that the
distribution of Tc-99m pertechnetate does not substantially
change during this period, quantitative SPECT will be possi-
ble if SPECT acquisition is fast. We attest that just 1-min
SPECT acquisition should work for this purpose and modern
SPECT/CT scanners show unprecedented accuracy in clinical
studies of Tc-99m pertechnetate.

Conventional measurements of thyroid uptake of Tc-
99m pertechnetate have been fulfilled with the thyroid up-
take system (TUS). TUS consists of a two-dimensional
scintillation detector and Tc-99m pertechnetate uptakes
are counted over anterior neck (thyroid) and thigh muscle
as background for 1 min each. Injected activity is calculat-
ed by deducting the counts of post-injection syringe from
the counts of pre-injection syringe. This method has been
widely adopted in many institutes but the accuracy of the

TUS-based %uptake of Tc-99m pertechnetate has always
been questioned. We elaborated in the following studies to
prove that TUS can be replaced by quantitative SPECT/CT
regarding the measurement of Tc-99m pertechnetate thy-
roid uptake.

In order to prove the superiority of quantitative SPECT/CT
compared to TUS, we performed two studies involving a short
period of 20-30 min post-injection of Tc-99m pertechnetate
(Fig. 3). The problem of this scheme was that usual radioac-
tivity for TUS was less than 1 mCi, which was not sufficient
for SPECT acquisition. Thus, we increased the dose of Tc-
99m pertechnetate to 5 mCi and placed a lead-shield of
10th-value layer thickness (0.95 mm) at the aperture of TUS.
Therefore, TUS encounters a low dose of Tc-99m
pertechnetate (~0.5 mCi), while sufficient amounts of Tc-
99m pertechnetate (5 mCi) are projected to the SPECT scan-
ner, enabling fast serial measurement of TUS and SPECT/CT
in a single imaging session during the stable retention time of
Tc-99m pertechnetate (Fig. 3). The dose calibrator and the
SPECT/CT scanner had been previously cross-calibrated.

The results clearly showed the high accuracy of quanti-
tative SPECT/CT, whereas TUS systematically
overestimated the thyroid uptake of Tc-99m pertechnetate
because two-dimensional TUS could not distinguish be-
tween extra-thyroid tissue uptake and genuine thyroid up-
take [25]. This unparalleled accuracy of quantitative
SPECT/CT resulted in a novel application for thyroid up-
take of Tc-99m pertechnetate regarding the risk stratifica-
tion of Graves’ disease: high thyroid uptake of Tc-99m
pertechnetate by quantitative SPECT/CT (> 5%) was asso-
ciated with poorer response to the anti-thyroid drug of
methimazole [26]. Even chronic thyroiditis patients could
be discriminated from euthyroid patients using quantitative
SPECT/CT, which has never been reported before [27].
Autonomously functioning thyroid nodule (AFTN) has
been qualitatively evaluated so far, and actually, the defi-
nition of hot nodule of thyroid is unclear until now.
SUV ax may play an important role in the characterization
of thyroid hot nodule and influence treatment decision
[28].

Kidney Disease

Renal scintigraphy has been performed in a dynamic mode,
and SPECT/CT has rarely been attempted for functional eval-
uation of kidney diseases. Typical renal scintigraphy lasts for
20-30 min during which the Tc-99m-labeled radiopharmaceu-
tical, such as Tc-99m diethylenetriamine pentaacetic acid
(DTPA), rapidly moves from blood to renal parenchyma,
and then to the urinary system. The most popular acquisition
mode of renal scintigraphy is the dynamic planar scan with a
detector positioned underneath the back of the patient. For the
measurement of glomerular filtration rate (GFR), the 1-min
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Fig. 2 Foot SPECT/CT with (a,
b) or without (¢, d) an immobili-
zation device. The immobiliza-
tion device (white arrows) has the
feet placed in orthogonal position,
whereas, without any fixing de-
vice, the feet are unleashed to any
configuration (¢, e). The dashed
lines highlight the orthogonal po-
sition of the feet that can be
achieved using the immobiliza-
tion device

Cross
calibration

-Pre-injection radioactivity —
-Post-injection radioactivity

4

Dose calibrator

9mTcO, -Planar scan -CT for~30 -SPECT for

(smoi) for 1 min sec 1 min

0 min o 20 min ~30 min
-Pre-injection counts -Anterior neck counts

-Post-injection counts  -Thigh counts (background)

€ Lead-shield

Fig. 3 Serial studies of Tc-99m pertechnetate thyroid uptake by conven- 100 x (anterior neck counts — thigh counts)/(pre-injection counts — post-
tional thyroid uptake system (TUS) and quantitative SPECT/CT. TUS injection counts). The quantitative SPECT/CT was performed immedi-
had lead-shield of 10th-value layer thickness (0.95 mm) at the aperture ately after the TUS study. All measurements/imaging by TUS and
in order to reduce actual radioactivity projecting to the TUS scintillation SPECT/CT were performed 20-30 min post-injection of Tc-99m
detector down to ~0.5 mCi, even though real injected radioactivity was pertechnetate. (This figure was originally published by Lee et al. [25])

5 mCi. The %uptake of Tc-99m pertechnetate by TUS was calculated as
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Fig. 4 Schematic display of 1-

min SPECT for measurement of J—
%]1D and glomerular filtration rate

using dual-head scanner. The time

of SPECT acquisition falls upon

the upward slope of the renogram

of Tc-99m DTPA. Box indicates

body contour, and the dot inside

simulates a kidney with increas-

ing radioactivity

Counts/sec

period over 2—-3 min post-injection of Tc-99m DTPA is used
for calculation of the %injected dose (%ID). The %ID is then
transformed to GFR using a formula derived from the 24-h
urinary clearance of creatinine in Gates’ method [29, 30].
Focusing on this critical time period (2—-3 min post-injection),
we can apply quantitative SPECT/CT to Tc-99m DTPA im-
aging. One-minute SPECT during 2—3 min is performed with
the two detectors positioned opposite to each other (Fig. 4),
followed by CT. The disadvantage of this approach is that it is
hard to assume any stable retention period that is ideal for
SPECT image acquisition. In the 2—3-min period on the up-
slope of the renogram, activity in the initial minutes is always
lower than in the last minutes. This problem may be amelio-
rated by increasing the number of detectors. The dual-head
SPECT will reduce the coverage of each detector to half the
singe-head SPECT and spread the end-to-end difference of
activities, generating a kind of averaging effect, which can
be observed over the sinogram (Fig. 5). Reproducibility of
%1D measurement was better for dual-head SPECT than for
planar dynamic renal scintigraphy [31].

Subsequently, the obtained %ID is transformed to GFR
(mL/min) using a formula. The original GFR equation by
Gates (GFR (mL/min) =(%ID x 9.8127) — 6.82519) [30]
has been criticized to yield relatively lower GFR values com-
pared to other tests, such as serum creatinine-based estimated
GFR. Using a better reference standard of Cr-51 EDTA plas-
ma clearance, the planar %ID formula could be improved to
generate higher GFR values in a given %ID, especially in the
high GFR range (GFR (mL/min)=(%ID x 11.7773) —
0.7354) [32]. The most recent formula using the SPECT/CT-
derived %ID (GFR (mL/min)=(%ID % 9.1462) + 23.0653)
with the reference of Cr-51 EDTA test [31] overestimates

5004

4001

Dual-head scanner

3001 (one-minute SPECT)

2001

1001

1 2 3 4 5 eeeee 20

Minutes

GFR, particularly in the lower GFR range; therefore, it should
be updated. However, it is interesting to appreciate the similar
GFR values from %ID whether from planar or SPECT/CT
imaging (Fig. 6). Using this SPECT/CT approach, GFR of
renal tumor patients pre-/post-unilateral partial nephrectomy
was successfully evaluated [31]. Urinary stone is also an in-
teresting disease entity that can be effectively assessed using
quantitative SPECT/CT because almost all urinary stones are
calcium stones that can be well visualized without the use of
iodine-contrast agents in SPECT/CT. The combination of
functional evaluation for the GFR and anatomical assessment
for the urinary stones seem to be a novel application for quan-
titative SPECT/CT using Tc-99m DTPA [].

Lung Perfusion SPECT for Dosimetry of Trans-Arterial
Radio-Embolization

Lung perfusion SPECT/CT is by itself a promising tomo-
graphic hybrid imaging tool with better functional evaluation
than conventional planar lung perfusion scintigraphy [33]. In
terms of quantitation of Tc-99m macro-aggregated albumin
(MAA) uptake, quantitative SPECT/CT shows a huge poten-
tial for application during Y-90 microsphere trans-arterial ra-
dio-embolization (TARE) therapy for hematoma.
Traditionally, the administration dose of Y-90 microspheres
has been determined on the basis of lung-shunt fraction from
planar lung perfusion scintigraphy. The lung-shunt fraction is
the percentage of lung counts divided by the sum of lung and
liver counts. The counts for the lungs and liver are calculated
as the geometric mean of anterior and posterior planar images.
More than 20% of lung-shunt fraction is considered as an
absolute contraindication for TARE [34]. An absorbed dose
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Fig. 5 Sinograms of 1-min SPECT during the dynamic phase of Tc-99m
DTPA. The sinogram from single-head SPECT will show the minimum
activity at the beginning (angle zero) and the maximum activity at the end
(angle 360°). This activity difference will be tandemly repeated by the
dual-head SPECT, but the coverage of each individual detector is reduced

over 30 Gy in a single TARE session or an accumulated
absorbed dose over 50 Gy in multiple sessions are considered
as contraindication for TARE [35, 36]. Undoubtedly, there is
a limitation of planar image-based lung-shunt fraction
measurement. High lung-shunt fraction over 20% in the
planar scan may not elicit a serious adverse effect if the
absolute lung absorbed dose is less than 30 Gy, or lung-
shunt fraction below 20% may be unacceptable with abso-
lutely high lung absorbed dose. In terms of dosimetry of
angiographically administered Tc-99m MAA, biological
decay is not considered but only physical decay should
be incorporated to the calculation of the absorbed dose,
which yields the following rather simple formula:

150+

N
=)
g

(mL/min)

Gamma camera-based GFR
(9]
o

Fig. 6 Comparisons of gamma camera imaging based formulas for GFR.
The linear relations between %injected dose (%ID) of Tc-99m DTPA at
2-3 min post-injection and the glomerular filtration rate are displayed.
The original formula of Gates’ method (GFR (mL/min) = (%ID x
9.8127)—6.82519), and the improved formula (GFR (mL/
min) = (%ID x 11.7773) — 0.7354) were based on planar imaging. The
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to half'in the dual-head SPECT, shortening the span of activity difference.
Box indicates body contour, and the dot inside simulates a kidney with
increasing radioactivity. Circles over the sinogram are arbitrarily graded
to highlight increasing radioactivity

Absorbed dose D (Gy) = 49.38 x A (GBg)
m (kg)

Ay is the radioactivity of the Y-90 microspheres and m is the
mass of the organ of interest. Volume of organ is converted to
mass using a conversion factor: 0.3 for the lungs and 1.03 for
other soft tissues such as the liver or tumors.

The %ID of Tc-99m MAA for an individual organ is a
surrogate for %ID of Y-90 microspheres if the injection
point during angiography is the same. Subsequently, the
dosimetry for Y-90 microspheres can be simulated using
the %ID of Tc-99m MAA. Because there is a linear rela-
tionship between Y-90 microsphere radioactivity (GBq)

~— SPECT/CT GFR
== Planar GFR (improved Gates’ method)
-. Planar GFR (original Gates’ method)

SPECT/CT formula (GFR (mL/min) = (%ID x 9.1462) + 23.0653) yields
GFR values equivalent to the improved Gates’ method in the high GFR
range, but there is some overestimation of GFR in lower GFR range,
which requires update in the future. (This figure was originally published
by Kang et al. [31] and reused with permission of Springer Nature)



Nucl Med Mol Imaging (2019) 53:172-181

179

(c) (d)

160.0
140.0
120.0
100.0
80.0
60.0
40.0
20.0

Absorbed Dose (Gy)

0.0
Ant

Post

Fig. 7 Dosimetry of Tc-99m MAA SPECT/CT for Y-90 microsphere
TARE. Huge hepatoma is observed in abdominal CT (a).
Segmentations of tumor, lung, and non-tumoral liver on CT of SPECT/
CT. %injected doses were calculated over the segmented organs (b).
Planar scintigraphy showing Tc-99m MAA uptake over the lung, tumor,
and liver. The calculated lung-shunt fraction was 26% (c¢). The dosimetry
graph reveals the linear relationship between Y-90 microsphere dose

and absorbed dose (Gy) when the same mass is involved,
the expected absorbed doses for each organ can be tabulat-
ed for variable radioactivity of Y-90 microspheres, which
enables intuitive dosimetry for whole organs in variable
scenarios (Fig. 7).

For a typical condition of TARE, tumor absorbed dose
should be higher than 120 Gy [37], while keeping the lung
absorbed dose below 30 Gy. If the expected lung absorbed
dose is reasonably low without any other extra-organ expo-
sure, the therapeutic absorbed dose to tumors may be substan-
tially elevated, resulting in better tumor control, a hypothesis
that requires further study.

Compared to the pre-therapeutic dosimetry of Tc-99m
MAA SPECT/CT, Y-90 PET/CT can play a role for a ref-
erence dosimetry post-TARE; Y-90 yields a small fraction
of positron (~0.003%) that can be imaged using state-of-
the-art PET scanners with time-of-flight capacity [34]. In
ideal conditions (complete labeling of Tc-99m with MAA
in vitro, no breakdown of Tc-99m MAA in vivo, exactly
the same angiographic conditions, and accurate checkup of
residual Y-90 microspheres post-injection), quantitative
Tc-99m MAA SPECT/CT will be useful for highly
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(GBq) and the expected absorbed dose (Gy). If 6.0 GBq is administered,
the expected absorbed dose to tumor will be more than 120 Gy, but the
expected lung dose will be over 40 Gy, which is unacceptable. If 2.0 GBq
is delivered to the patient, the expected lung absorbed dose will be within
the acceptable range of less than 20 Gy, but the expected tumor dose is
merely 40 Gy, thus a therapeutic effect is not expected

sophisticated treatment planning, a hypothesis that war-
rants further investigation.

Conclusion

Tc-99m quantitative SPECT/CT holds promise in a variety of
nuclear medicine practices. Conventional planar imaging
studies including bone scan, renal scan, thyroid scan, and lung
perfusion scan are being upgraded using the established quan-
titation technology. There are numerous other nuclear imaging
studies that can be transformed to truly quantitative studies.
Quantitative SPECT/CT may be realized in other radionu-
clides such Iodine-123, Iodine-131, and Iodine-111. Nuclear
medicine may become really new clear medicine in terms of
radioactivity quantitation thanks to the advancement of
SPECT/CT technology.
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