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Regarding Dynamic Bone Imaging with
99mTc-Labeled Diphosphonates and
18F-NaF: Mechanisms and Applications

TO THE EDITOR: In the April 2013 issue of The Journal of
Nuclear Medicine, Wong and Piert (1) provided an excellent re-
view on skeletal imaging with 99mTc-labeled diphosphonates and
18F-NaF. An important aspect of their paper was the use and the
role of dynamic (3-phase) bone scanning. The authors stated that,
for semiquantitative routine clinical applications, 18F-NaF PET (or
PET/CT) could be performed similarly to a 3-phase bone scan by
obtaining a short (0–10 min) dynamic acquisition of an area of
interest. This acquisition would then represent both the angio-
graphic flow and the soft-tissue phases in the region, enabling
replacement of a 3-phase bone scan at a fraction of time. In agree-
ment with this concept, we have recently published data on early
dynamic 18F-FDG protocols in patients with chronic osteomyelitis
(2).
For the purpose of a routine clinical approach, however, the

review and current guidelines did not mention a possible use of 2-
phase whole-body PET with 18F-NaF (1,3,4). This is an emerging
modality with the potential to become a substitute for 2-phase bone
scans for the identification of bone inflammation sites. The advan-
tages of 2-phase whole-body 18F-NaF PET would be manifold:
faster acquisition times, superior spatial resolution, exact quantifi-
cation, and direct morphologic correlation with CT (if SPECT/CT is
not available, as in our center).
As stated by Wong and Piert, 18F-NaF has much faster kinetics

than 99mTc-labeled diphosphonates; therefore, soft-tissue scans
must be obtained much more rapidly than in 2-phase bone scin-
tigraphy. Indeed, fast early whole-body 18F-NaF PET scans have
become feasible through the recent availability of scanners with
enhanced detector sensitivity and expanded per-bed coverage due
to a larger axial field of view. According to our experience (un-
published data, 2012 and 2013), these characteristics enable the
acquisition of rapid whole-body scans immediately after adminis-
tration of 18F-NaF, representing the soft-tissue phase in analogy to
that provided by 2-phase bone scans.
In some clinical applications at our center—for example, with

the aim of identifying distant or secondary bone inflammatory
foci in addition to known local pathology—we used a Biograph
mCT 40 4-ring scanner (Siemens; TrueV option with 21.6-cm
axial field of view; 14 bed positions; 6 s/bed position, including
bed-changing time) and obtained 2-phase 18NaF-PET scans
within approximately 80 s after injection of 200–300 MBq of
18F-NaF. In the early phase, a typical soft-tissue distribution
became apparent. The only partial limitation was a slight skeletal
uptake in some cases (e.g., when scanning began with the feet,
depiction of the upper ribs and acromioclavicular joints was
marginal).
According to our experience, therefore, early and fast whole-body

18F-NaF PET scans are—in analogy to 2-phase bone scans—a valu-

able addition to the standard late technique. This option should be
considered at least in cases of suspected disseminated inflammatory
pathology.
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REPLY: We thank Dr. Freesmeyer for his interest in our re-
view article on dynamic bone imaging using 99mTc-labeled
diphosphonates and 18F-NaF in which we postulated that it
would technically be possible to perform early soft-tissue phase
imaging with 18F-NaF PET (1), although this technique has not
been described in the literature or in recent guidelines (2). Com-
pared with 99mTc-labeled diphosphonates, 18F-NaF provides
more rapid blood clearance and higher bone-to-background up-
take ratios. In combination with dynamic PET acquisition, 18F-
NaF allows for quantitative kinetic modeling of bone blood flow
and metabolism for various applications, including investigation
of bone viability (3) or diffuse metabolic bone disease (4), al-
though limited to the available field of view. The fast kinetic
properties of 18F-NaF have led to concerns that obtaining a soft-
tissue phase would not be feasible with 18F-NaF PET; instead,
18F-FDG PET or 3-phase 99mTc-methyl diphosphonate bone scan-
ning would be required under the assumption that the acquisition
of tomographic PET data, even in 3-dimensional mode, may have
insufficient temporal resolution to capture the rapid soft-tissue
phase of 18F-NaF (5).
Therefore, we read with great interest the description of

a novel technique of 2-phase whole-body 18F-NaF PET scanning.
This technique is similar to performing early whole-body soft-
tissue imaging with 99mTc-labeled diphosphonate bone scanning
using a sweep protocol as a screening tool for sites of joint in-
flammation. The proposed technique is analogous to prior pub-
lished work on 2-phase or 3-phase 18F-FDG PET for chronic
osteomyelitis (6). 18F-FDG PET for imaging of osteomyelitis
has been found to have excellent sensitivity and specificity for
bone infection, with possibly even higher accuracy than the cur-
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rent gold standard radionuclide technique of 99mTc-hexamethyl-
propyleneamine oxime– or 111In-labeled white blood cell scin-
tigraphy (7,8). Whether the addition of an early phase could
augment the 18F-FDG PET scan and further improve its diagnos-
tic capability is an intriguing question. However, the kinetic
behavior of 18F-FDG and 18F-NaF clearly differs, with the high
net transport of 18F-NaF into bone expected to provide technical
challenges.
Dr. Freesmeyer describes his preliminary experience with early

combined angiographic/soft-tissue–phase 18F-NaF PET within 80 s
of injection to acquire a whole-body scan. Using a modern scan-
ner with an extended field of view, he reports that a typical soft-
tissue distribution is clearly visually discernible with only slight
skeletal uptake noted toward the end of the short acquisition.
Similarly, 99mTc-labeled diphosphonate bone scans often show
skeletal uptake on the soft-tissue phase when imaging is delayed
to obtain multiple projections. Under the condition that the PET
scanner design allows for ultra-short whole-body acquisitions
with acceptable image quality, we agree that such a protocol
would provide evidence of active inflammation and help distin-
guish the etiology of observed increased 18F-NaF osseous up-
take. We caution, however, that with the described image
protocol, factors such as the injected radiotracer volume and
concentration, the duration of radiotracer injection, cardiac out-
put, and renal function are expected to have a significant influ-
ence on soft-tissue uptake and, therefore, may interfere with
image interpretation.
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A Clinical Dosimetric Perspective Uncovers New
Evidence and Offers New Insight in Favor of
99mTc-Macroaggregated Albumin for Predictive
Dosimetry in 90Y Resin Microsphere
Radioembolization

TO THE EDITOR: At first glance, the results of a recent study
by Wondergem et al. (1) may appear discouraging for the evolving
science of personalized predictive dosimetry for 90Y radioembo-
lization, especially to less experienced readers. However, the do-
simetric implications of their data may be interpreted more
favorably in support of the use of 99mTc-macroaggregated albumin
(MAA) predictive dosimetry in clinical practice.
Based on 28 procedures among 22 patients deemed to have optimal

agreement on catheter tip positions between 99mTc-MAA and 90Y-
resin microsphere injections, Wondergem et al. found the mean dif-
ference in liver segment volume-of-interest radioconcentration to be
20.026 MBq/cm3, with an SD of the differences of 0.2837 MBq/cm3

(1). Their data showed wide 95% limits of agreement that, at the
outset, seemed to suggest 99mTc-MAA to be a poor surrogate to
simulate the postradioembolization biodistribution of 90Y-resin micro-
spheres. This may be too stringent a requirement. For a procedure as
technically complex as 90Y radioembolization, it may instead be more
practical and clinically meaningful to consider the dosimetric impli-
cations within 61 SD of the differences, that is, 68% limits of agree-
ment.
To illustrate this point, let us take a typical patient from the

authors’ dataset: a patient with inoperable chemorefractory colorec-
tal liver metastasis without chronic hepatitis, less than 25% liver
involvement by tumor, undergoing whole-liver 90Y-resin micro-
sphere radioembolization (1). We assign the following typical
parameters for this patient: tumor mass of 200 g, nontumorous liver
mass of 1,500 g, and a modestly favorable mean tumor-to-normal
liver (T/N) ratio of 2. Central to this dosimetric example is the
partition model formula for calculating the mean T/N ratio (2),
which is mathematically independent of the extent of hepatopulmo-
nary shunting. The tumor mean absorbed dose may be expressed as
Equation 1, [Dmean · (mT 1 mL)]/[mT 1 (mL/TNR)], where Dmean

is the whole-liver mean absorbed dose averaged across tumorous
and nontumorous liver, mT is the tumor mass, mL is the nontumo-
rous liver mass, and TNR is the mean T/N ratio.
By partition modeling, let us aim to deliver intended mean

absorbed doses to tumor and nontumorous liver of 120 Gy and 60
Gy, respectively, in keeping with current radiation planning guide-
lines (3). From Equation 1, this translates into an intended Dmean of
67 Gy for this patient. Assuming a normal distribution of data and
using a 90Y mean absorbed dose conversion factor of 49.7 Gy per
MBq/cm3 (1), we now apply the results provided by Wondergem et
al.: mean difference in segmental volume-of-interest radioconcentra-
tion,20.026 MBq/cm3; SD of the differences, 0.2837 MBq/cm3 (1).
The actual Dmean is now corrected to 65.7 Gy, with its lower and
upper 68% limits of agreement at 51.6 and 79.8 Gy, respectively.
Applying the latter 2 figures back into Equation 1, we can expect
84% of patients to receive an actual tumor mean absorbed dose of
more than 92 Gy, sufficient to achieve at least stable disease for
several months or possibly a slight response (4). Similarly, we can
expect 84% of patients to not exceed an actual nontumorous liver
mean absorbed dose of 71 Gy, within recommended limits for the
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avoidance of radiomicrosphere hepatotoxicity (3). The converse is
true: only a minority, that is, 16%, of patients may be at risk of
significant tumor under-dosing or inadvertent radiomicrosphere hep-
atotoxicity. Considering the general complexity of 90Y radioembo-
lization, most physicians will find these treatment odds favorable
and consistent with best practice in the modern era of personalized
medicine.
A conservative mean T/N ratio of 2 was used in this example of

colorectal liver metastasis. Most patients have higher, more favorable
mean T/N ratios (4), which enable deliberate escalation of the intended
tumor mean absorbed dose beyond 120 Gy when within safety limi-
tations to the nontumorous liver and lung. Hence, many patients can
achieve better dosimetric results than presented in this example. Equa-
tion 1 has an infinite number of possible dosimetric scenarios, which
the reader is encouraged to explore. A thorough understanding of the
interplay between mean T/N ratios, intended mean absorbed doses,
tissue masses, and hepatopulmonary shunting is paramount for safe
and effective predictive dosimetry by partition modeling (2,4).
It has been common knowledge for years that 99mTc-MAA is an

imperfect surrogate for 90Y-resin microspheres (5), and no study
has claimed otherwise. 99mTc-MAA should be regarded as a tool,
and the usefulness of any tool is only as good as its user and the
complexity of the task at hand. For basic predictive dosimetry,
partition modeling can be performed using a pocket calculator
(2), and SPECT/CT (4) is now widely available to replace planar
99mTc-MAA scintigraphy. For advanced predictive dosimetry, af-
fordable and increasingly powerful computers and software can
rapidly generate dose–volume histograms from 99mTc-MAA
SPECT/CT data (6). Correlation of 90Y SPECT or 90Y PET dose
distributions with 99mTc-MAA and newer microspheres as they
appear will add further confidence in the utility of the treatment
planning procedure, but for the moment, it is reasonable to pro-
ceed with 99mTc-MAA. Today, the major barrier to the routine
application of predictive dosimetry for 90Y radioembolization is
no longer the state of the art but rather the state of our hearts.
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REPLY: With great interest we read Dr. Kao’s comments on our
work. Advanced dosimetry and individualized treatment planning
play a crucial role in further development and optimization of
hepatic 90Y radioembolization. Pretreatment scout dose imaging
is an important tool for this purpose. In our publication, we
showed the limitations of 99mTc-macroaggregated albumin
(99mTc-MAA) as a scout dose to predict subsequent intrahepatic
90Y distribution (1). In 68% of all 225 evaluated liver segments
(according to Couinaud’s liver segmentation), a difference of
more than 10% between 99mTc-MAA and 90Y activity distribution
was found. A difference of more than 20% and more than 30% of
the mean activity per milliliter was found in, respectively, 97
(43%) and 72 (32%) of 225 segments. The overall mean difference
between pretreatment and posttreatment distribution of activity
concentration for all segments was 20.022 MBq/mL, with 95%
limits of agreement of20.581 to 0.537 MBq/mL (228.9 to 26.7 Gy
absorbed dose). Dr. Kao translated these findings to clinical
practice and ultimately emphasized the utility of 99mTc-MAA
scout dose imaging for individualized treatment planning, using
the so-called partition model (2), regardless of the reported
limitations. We fully agree with Dr. Kao’s suggestion that the
drawbacks of scout dose imaging should not withhold us from
using advanced treatment planning techniques, especially be-
cause the alternative methods, the often-used body surface
area–based method for resin microspheres and the whole liver
volume–based method for glass microspheres, leave much room
for improvement and are highly inaccurate from a dosimetry
perspective.
It is generally true that the partition method leads to higher ad-

ministered activities, because it takes the differential dose between
tumorous and nontumorous tissue (T/N ratio) into account, which is
usually greater than 1 (3). In the example given by Dr. Kao, the
aimed tumor-absorbed dose is 120 Gy. Because of expected differ-
ences between 99mTc-MAA and 90Y distribution, the final expected
tumor dose will not be 120 Gy in every patient, but a tumor dose
greater than 90 Gy may still be reached in as many as 84% of the
patients. This seems acceptable indeed. Moreover, this percentage
will further increase with improvements in radioembolization tech-
niques focused on diminishing the discrepancies between 99mTc-
MAA and 90Y distribution, such as selective administrations distal
to major bifurcations and major side branches. In our study, these
factors significantly influenced the distribution differences between
99mTc-MAA and 90Y (1).
On the other hand, one has to keep in mind that it is not the

absorbed dose to the tumors but rather the absorbed dose to the
nontumorous liver tissue that is the dose-limiting factor, especially
for whole-liver treatments. In Dr. Kao’s example, the target non-
tumorous liver dose of 60 Gy will not be met in a significant number
of patients. According to Dr. Kao’s analysis, the upper acceptable
limit of 70 Gy is expected to be crossed in as many as 16% of the
patients. In the light of radioembolization-induced liver disease as
a potential complication after high-dose radioembolization, this
number seems to be unacceptably high. One should therefore choose
a conservative approach when using the partition method for whole-
liver treatments. In addition, Dr. Kao’s scenario was sketched for
a T/N ratio of 2; higher T/N ratios will lead to lower nontumorous
liver doses. The uncertainty in estimating the nontumorous liver
dose will then be less relevant. For lobar treatments, in which
the partition method is mostly used today, the nontumorous dose
is of course not that important because the contralateral lobe will
be spared.
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Although the partition method is definitely the preferred method
in every radioembolization patient, its use in clinical practice is
still limited. Besides the limited predictive value of 99mTc-MAA
scout dose imaging, the method is mostly hampered by segmen-
tation difficulties. Delineation of the tumorous and nontumorous
tissue is time-consuming and sometimes downright impossible be-
cause of the number and diffuse growth pattern of the tumors (3).
Current research efforts therefore focus on new-generation scout
dose microspheres (4), advanced administration techniques using
specialized catheters (5), and improved image-fusion and segmen-
tation techniques (6) to overcome these hurdles and move toward
individualized treatment planning in radioembolization. The found
limitations of 99mTc-MAA scout dose imaging should be kept in
mind when one is using it for treatment planning but should not stop
us from aiming for optimized radioembolization dose planning.
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