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in Molecular Radiotherapy Dosimetry

James M. Brindle!, A. Alexandre Trindade?, Amish P. Shah3, Derek W. Jokisch?, Phillip W. Patton>, J. Carlos Pichardo!,

and Wesley E. Bolch!-®

!Department of Nuclear and Radiological Engineering, University of Florida, Gainesville, Florida; *Department of Statistics,
University of Florida, Gainesville, Florida; M.D. Anderson Cancer Center Orlando, Orlando, Florida; *Department of Physics and
Astronomy, Francis Marion University, Florence, South Carolina; >Department of Health Physics, University of Nevada—Las Vegas,

Las Vegas, Nevada; and °Department of Biomedical Engineering,

The toxicity of red bone marrow is widely considered to be a key
factor in restricting the activity administered in molecular radio-
therapy to suboptimal levels. The assessment of marrow toxicity
requires an assessment of the dose absorbed by red bone mar-
row which, in many cases, requires knowledge of the total red
bone marrow mass in a given patient. Previous studies demon-
strated, however, that a close surrogate—spongiosa volume
(combined tissues of trabecular bone and marrow)—can be
used to accurately scale reference patient red marrow dose es-
timates and that these dose estimates are predictive of marrow
toxicity. Consequently, a predictive model of the total skeletal
spongiosa volume (TSSV) would be a clinically useful tool for im-
proving patient specificity in skeletal dosimetry. Methods: In this
study, 10 male and 10 female cadavers were subjected to whole-
body CT scans. Manual image segmentation was used to es-
timate the TSSV in all 13 active marrow—containing skeletal
sites within the adult skeleton. The age, total body height, and
14 CT-based skeletal measurements were obtained for each ca-
daver. Multiple regression was used with the dependent vari-
ables to develop a model to predict the TSSV. Results: Os
coxae height and width were the 2 skeletal measurements that
proved to be the most important parameters for prediction of
the TSSV. The multiple R? value for the statistical model with
these 2 parameters was 0.87. The analysis revealed that these
2 parameters predicted the estimated the TSSV to within approx-
imately =10% for 15 of the 20 cadavers and to within approxi-
mately £20% for all 20 cadavers in this study. Conclusion:
Although the utility of spongiosa volume in estimating patient-
specific active marrow mass has been shown, estimation of
the TSSV in active marrow—containing skeletal sites via patient-
specific image segmentation is not a simple endeavor. However,
the alternate approach demonstrated in this study is fairly simple
to implement in a clinical setting, as the 2 input measurements
(os coxae height and width) can be made with either pelvic CT
scanning or skeletal radiography.
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The objective of molecular radiotherapy treatment plan-
ning is to determine the appropriate activity level of the
therapy agent to be administered to an individual patient so
as to ensure an effective response in the targeted diseased
tissue while minimizing toxicities to nontargeted normal or-
gans and tissues. The dose-limiting toxicity most frequently
encountered in molecular radiotherapy, in particular, radio-
immunotherapy, is myelosuppression for protocols that do
not provide a priori for hematopoietic stem cell support
(1). Dose-response relationships determined from data in
human clinical trials therefore are sought for use in antici-
pating marrow toxicity in future patients, with the assump-
tions that consistent dosimetric analyses are conducted
(2,3) and that other biologic modifying factors are consid-
ered (4). Recent and comprehensive reviews of the marrow
dosimetry techniques currently used in clinical medicine
may be found in articles by Stabin et al. (5), Sgouros (6),
and Siegel (7).

Once marrow activity levels are assessed in a patient,
through either blood-based (8) or image-based (9) methods,
estimates of doses absorbed by red (hematopoietically active)
bone marrow may be made by use of radionuclide S values
for skeletal tissues assigned to a reference patient or ana-
tomic phantom (/0-12). When the radiolabeled agent does
not bind to marrow cellular components, reference phantom
S values may be used for skeletal dosimetry without an ex-
plicit need to assign or estimate the total red bone marrow
(RBM) mass in the individual patient, as shown by Shen
et al. (/3). As discussed by Siegel (7), however, a total
RBM mass estimate is required when marrow or bone tissue
is targeted by the therapy agent. The conventional approach
used in nuclear medicine is to make this estimate under the
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presumption that the total RBM mass within the skeleton is
scaled linearly with the total body mass, as follows:

TBM, patient
m o~ (m ™mr. )" Eq. 1
( RBM)panem‘ ( RBM)phantam <TBMphantom 1

In Equation 1, mgpy, is the mass of the total RBM in either
the patient or the reference phantom and TBM is the total
body mass of the same individual or phantom. Stabin et al.
(5) noted, however, that lean body mass might be a more
appropriate scale for RBM mass estimates because lean
body mass excludes the mass associated with storage fat, as
follows:

LBM patient
(mRBM)patienl ~ (mRBM)phanwm <m . Eq. ’

In 2002, studies by Bolch et al. (/4) and by Shen et al.
(15) independently suggested the use of trabecular spongiosa
volumes (combined tissues of bone marrow and bone trabec-
ulae in cancellous bone) as clinically useful scales for ref-
erence S values in skeletal dosimetry. Using 3-dimensional
(3D) image-based radiation transport in the femoral and
humeral heads, Bolch et al. (/4) demonstrated close agree-
ment between patient-specific and spongiosa volume—scaled
energy-dependent radionuclide S values for electron energies
above ~100 keV. Shen et al. (15) further showed signifi-
cantly improved correlations between RBM absorbed dose
and observed myelotoxicity when the dose estimates were
adjusted by patient-specific measurements of spongiosa
volumes within the lumbar vertebrae. Both of these studies
made the implicit assumption that ratios of RBM masses in
skeletal region x are closely approximated by corresponding
ratios of their trabecular spongiosa volumes, as follows:

(mRBM);atiem _ (SV);atiem (MVF);afiem (CF);atiem (pTAM)
(mRBM);hantom (S V);hant()m (M VF );hantom (CF );hanzom (P TAM)
~ (SV);atient ) Eq 3
(S V) phantom

In Equation 3, SV is the spongiosa volume, MVF is the
marrow volume fraction of the spongiosa, CF is the marrow
cellularity factor (fraction of marrow volume that is hema-
topoietically active), and p is the tissue density. Equation 3
demonstrates that the ratio of spongiosa volumes is equiv-
alent to the ratio of red marrow masses under the condition
that the marrow volume fraction and the marrow cellularity
of the patient are faithfully represented in the reference
patient. The studies of Bolch et al. (/16) and Watchman et al.
(17) demonstrated that reference skeletal models can now
be made to explicitly account for marrow cellularity in
reference patient radionuclide S values, although this is not
yet current clinical practice. Furthermore, MRI techniques
are available to noninvasively assess marrow cellularity in
individual patients (/8-20). Consequently, cancellation of
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the cellularity factor terms in Equation 3 can be justified
by proper selection of the reference S values matched to the
patient’s marrow cellularity assessed throughout the skel-
eton. Cancellation of the marrow volume fraction terms
must still be justified, but the marrow volume fraction term
has been shown to be important only for very low-energy—
emitting radionuclides (mean (-energies of <100 keV)
(14).

The purpose of the present study was to develop a clini-
cally feasible regression model for predicting in a given pa-
tient the cumulative volume of trabecular spongiosa found
across all major skeletal sites known to contain RBM in
an adult (27). Accordingly, we defined the total skeletal
spongiosa volume (TSSV) in the present study as encom-
passing the axial skeleton (trunk and head) and the prox-
imal femora and humeri of the appendicular skeleton (as
the distal extremities contain primarily inactive, or yellow,
bone marrow in the adult). TSSV data for the regression
analysis were taken from detailed image segmentation of
whole-body CT scans of 20 cadavers (10 males and 10
females). Dependent fitting parameters included the total
body height and 14 skeletal size measurements, with
particular attention to sites used clinically for direct imag-
ing of marrow activity uptake in molecular radiotherapy

9.

MATERIALS AND METHODS

Cadaver and Image Acquisition

With the cooperation of the State of Florida Anatomic Board at
the University of Florida, 20 cadavers were selected for whole-
body CT. Selection criteria included a trauma-related cause of
death or a death that did not result in prolonged or progressive
disease. In both cases, the skeletal structure of the individual was
believed not to be altered from its normal age-dependent state.
The body donation records used in cadaver selection do not con-
tain the total body masses either before or after death. Addition-
ally, the embalming process often prevents an accurate total body
mass estimate after receipt of an individual by the Anatomic
Board. Accordingly, premortem total body masses were estimated
through visual inspection by the senior laboratory technician.
These data, however, were for internal reference only and were not
used in the regression analysis.

With the cooperation of the Department of Radiology at the
University of Florida, each cadaver was subjected to a series of
whole-body CT scans acquired with a Siemens Sensation 16 CT
scanner. The slice thickness for the first 10 cadavers was 1 mm,
and the in-plane pixel resolution was 977 pm. The number of slices
to be analyzed in the 1-mm datasets was on the order of 1,000. In
an effort to reduce analysis time to a more manageable magnitude,
the slice thickness was increased to 2 mm for the remaining 10
cadavers in the study. The in-plane pixel resolution for the 2-mm
datasets ranged from 936 to 977 pm.

Spongiosa Volume Estimation

Image segmentation of the CT datasets was manually performed
with a user-written Interactive Data Language (IDL version 6.0; ITT
Visual Information Solutions, Inc.) software program (22). This
program allows the user to create a computer file consisting of
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contours of each slice superimposed on CT image slices. Within
each slice of the contour file, an interactive pen display was used
to outline selected skeletal regions for each CT slice. The interior of
the outlined skeletal region was assigned a segmentation or tag
value within the contour file; each tag value corresponded to a
unique color and skeletal site (for example, cranium, ribs, and
cervical vertebrae), as shown in Figure 1. The numbers of voxels
with the same tag value in the contour file were then summed and
multiplied by the single voxel dimensions to produce a regional
tissue volume. Details of this program are given in greater detail in
articles by Nipper et al. (22) and Shah et al. (23).

Figure 1 displays 2 sets of 5 transverse slices through 1 of the
cadavers in the study. Figures 1A and 1B show slices in the upper
section of the skull, where spongiosa is segmented within the
frontal and left/right parietal bones. Figures 1C and 1D display an

Original CT Image Segmented CT Image

FIGURE 1. Comparison of original CT images and correspond-
ing segmented images of skeletal spongiosa within 5 transverse
views through 1 study cadaver. (A and B) Superior region of skull
(pink: cranium). (C and D) Inferior regions of skull (pink: cranium;
blue: mandible). (E and F) Upper torso region (orange: humeral
heads; navy blue: clavicles; cyan: scapulae; teal: cervical
vertebrae; magenta: ribs). (G and H) Midtorso region (green:
sternum; yellow: thoracic vertebrae; cyan: scapulae; magenta:
ribs). (I and J) Pelvic region (red: ossa coxae; light blue: sacrum).
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inferior view of the skull (just below the nose) showing 2 sections
of the mandible, the occipital and temporal bones, and the sphe-
noid and nasal sinuses. The bones of the upper facial region (sphe-
noid, ethmoid, lacrimal, nasal, zygomatic, and maxillary) were not
segmented in the present study because these regions present very
thin sections of spongiosa that were in many cases difficult to
discern from the sinus cavities at the CT image resolution used for
the head and because their combined spongiosa volumes account
for less than 5% of the total cranial spongiosa volume and conse-
quently less than 1% of the TSSV (24). Figures 1E and 1F corre-
spond to the upper torso near the transition between the cervical
and the thoracic vertebrae. Figures 1G and 1H display a view of
the central region of the torso, where the rib head is joined to the
thoracic vertebral body. Note that at this level, the humeri are not
segmented, as they contain only yellow marrow in the adult.
Finally, Figures 11 and 1J provide a view of the pelvic regions of
the body corresponding to the second sacral vertebrae. Figure 1J
demonstrates that neither the sacral foramina nor regions of sacral
vertebral fusion (upper white region) are included in the assess-
ment of the sacral spongiosa.

Spongiosa volumes were obtained for 2 CT datasets containing
4 different skeletal sites to determine the impact that various slice
thicknesses have on spongiosa volume determinations. The slice
thicknesses of the first and second CT datasets were 1 and 2 mm,
respectively. The mean percentage difference between the volume
estimates was —3.3%, with an associated 95% confidence limit
of £1.8%.

Spongiosa volumes were manually segmented and estimated
for the 13 active marrow—containing skeletal sites, as defined by
the International Commission on Radiological Protection (ICRP)
(21) and listed in Table 1. The TSSV, determined by summing the
13 individual skeletal site spongiosa volumes, was used in the
regression analysis. The accuracy of the manual segmentation
process was previously investigated by Brindle et al. (25) using

TABLE 1
Skeletal Sites (and Quantities) Used for Spongiosa
Volume Estimation*

Skeletal site (no. of bones) % of total body active marrow

Cranium (1) 7.6
Mandible (1) 0.8
Humeral heads (2) 2.3
Clavicles (2) 0.8
Scapulae (2) 2.8
Sternum (1) 3.1
Ribs (12) 16.1
Cervical vertebrae (7) 3.9
Thoracic vertebrae (12) 16.1
Lumbar vertebrae (5) 12.3
Sacrum (1) 9.9
Proximal femora (2) 6.7
Ossa coxae (2) 17.5

*Table 1 is adapted from Table 9-4 in International Commission
on Radiological Protection. Basic Anatomical and Physiological
Data for Use in Radiological Protection: Reference Values. New
York, NY: International Commission on Radiological Protection;
2002. ICRP Publication 89. Copyright 2002, International Commis-
sion on Radiological Protection.
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polyvinyl chloride pipe phantoms in which the pipe wall repre-
sented regions of cortical bone and the pipe lumen represented
spongiosa. For the region considered to be a surrogate for trabec-
ular spongiosa, the mean percentage error at a resolution equiv-
alent to that in vivo was —3.1%.

The time required to segment the 13 skeletal sites in 1 cadaver
ranged from 180 to 200 h. Shen et al. (/5) similarly commented
that determining the volumes of spongiosa within skeletal sites
containing active marrow would be a labor-intensive process.
Consequently, the manual segmentation effort was divided among
several individuals in our research study team. Brindle et al. (25)
reported a study in which 11 individuals segmented a variety of
skeletal sites, and the variations among their volumetric data were
shown to be not statistically significant (P > 0.05). Before being
assigned cadavers, all individuals received an orientation review
and were asked to complete the segmentation of a single skeletal
site (for example, excised femoral head scanned ex vivo). The
segmentation work by all individuals was reviewed by the first
author to identify any anatomic discrepancies. An instructional
packet provided to the segmenters outlined potentially difficult
anatomic regions, such as the interface between the base of the
skull and the first cervical vertebra, and guidance was provided
when an anatomic question arose.

Anatomic Measurements

One anthropometric measurement and numerous image-based
skeletal measurements were obtained for each of the 20 cadavers.
Because of uncertainties in total body mass estimates, the sub-
ject’s height was the only anthropometric measurement used in
this study, as it could be easily measured on the cadaver either
directly or through viewing of the CT image set. A report by the
Forensic Anthropology Center at the University of Tennessee was
used as a guide for an initial set of skeletal measurements (26).
The intent was to find skeletal measurements within anatomic
regions of the CT scans that could be used to quantify the
cumulated activity in a patient undergoing molecular radiotherapy
by SPECT/CT, PET/CT, or planar imaging. A review of the lit-
erature indicated that biokinetics measurements of a particular
radiolabeled agent are often quantified in skeletal sites such as the
sacrum, lumbar vertebrae, femoral heads, and the iliac crest (9,27).

Table 2 summarizes the parameters measured in each cadaver
and provides a brief description of how each measurement was
obtained. Each measurement was obtained twice, and the average
was used in the regression analysis. Several of the image-based
skeletal measurements were obtained from the anterior—posterior
scout image from each cadaver’s CT scan. Consequently, these
measurements were more properly projected skeletal dimensions.

TABLE 2
Anthropometric Measurements Obtained for Use in Multiple Regression Analysis

Parameter Abbreviation Measurement (cm)

Height HT Total body height

Os coxae width OC.W Maximum width of os coxae viewed in CT scout image (projection)

Os coxae height OC.H Average of maximum heights of left and right sides of os coxae
viewed in CT scout image (projection)

Os coxae length OC.L Average of maximum lengths of left and right sides of os coxae
viewed in transverse plane of 3D CT dataset

Bitrochanteric breadth Bi.B Distance between exterior portions of greater trochanters viewed
in CT scout image (projection)

Anterior sacral height ASH Distance from anterior sacral promontory to apex of sacrum viewed
in sagittal plane of 3D CT dataset

Sacral width S.W Maximum width of sacrum viewed in transverse plane of 3D CT
dataset

L5 thickness L5.T Thickness of L5 vertebra viewed in sagittal plane of 3D CT dataset;
measurements were made parallel to anterior surface of vertebral
body and approximately 1.5 cm into vertebral body

S1 breadth S1.B Distance between 2 most lateral points on superior surface of S1
viewed in transverse plane of 3D CT dataset

Femoral head perimeter P Average of maximum perimeters of left and right femoral heads
viewed in sagittal plane of 3D CT dataset

Feret’s diameter FD Measurement is based on femoral head perimeter; this measurement
is referred to as caliper length, as it represents longest distance
between any 2 points along selected boundary; in this study,
perimeter measurement served as this boundary

Maximum height of femoral head Max.H Maximum height of femoral head viewed in sagittal plane of 3D CT
dataset; each measurement represented average for left and right
femoral heads

Maximum width of femoral head Max.W Maximum width of femoral head viewed in sagittal plane of 3D CT
dataset; each measurement represented average for left and right
femoral heads

Humeral head breadth HH Distance between exterior portions of right and left proximal humeral
heads viewed in CT scout image (projection)

Femoral height FH Maximum height of femoral bones viewed in CT scout image

(projection); each measurement represented average for left and
right femoral bones
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Nevertheless, clinical implementation of the final regression
model is greatly facilitated by use of these projected dimensions
without the need for 3D reconstruction or multiple 2-dimensional
imaging of the patient’s skeletal anatomy.

Statistical Analysis

All statistical analyses were performed with Microsoft Excel
and the R statistical software package (28). Multiple regression
was used to develop a statistical model for the prediction of the
TSSV. Initially, the intent was to develop sex-dependent models,
but a decision was made to pool the sexes because of the sample
size constraints. A matrix of scatter plots was used to qualitatively
assess the colinearity among the predictor variables. The linear
relationships between each predictor variable and the response
variable, TSSV, were also assessed with the scatter plot matrix.
The linear model to be fit was the following:

TSSV =By +Bix1 +Brx2 +B;x;i+ ... +B,x,+e. Eq. 4
In Equation 4, B, represents the intercept term, 3; represents the
parameter estimates for the predictor variables x; included in the
model, and ¢ is the error associated with the model.

A number of statistical methods exist to aid in the selection of a
parsimonious subset of predictor variables for inclusion in the
final regression model. The stepwise method sequentially adds and
removes predictor variables to the model on the basis of their
contributions to the overall fit (29). A second approach examined
the use of the adjusted R? criteria. The multiple R? value is a
measure of the success of the regression equation at explaining the
relationship between the TSSV and the included predictor vari-
ables, on a scale of 0-1 (29,30). However, selection of the model
with the highest multiple R? value is not advantageous because
that model will always contain all of the possible predictor vari-
ables. The adjusted R? value is a version of the multiple R? value
adjusted for the number of predictor variables in the model (29).
The adjusted R? value will increase or decrease according to the
importance of a predictor variable added to the model and there-
fore lends itself for use in the variable selection process.

Two other predictor variable selection methods considered were
the corrected Akaike information criterion (AICc) and the Bayes
information criterion (BIC). These methods have their genesis in
sophisticated information—theoretic principles and are gaining
popularity as model selection tools in the biological sciences
(31). Their information—theoretic basis makes them well suited to
situations in which the predictive capabilities of the final model
are of paramount importance, as is the case in this study. Further-
more, they are consistent criteria in the sense that if the pool of
candidate models were to indeed contain the true model, then
AICc and BIC would correctly identify it in the limit of increasing
sample size. The approach involves considering all possible subset
models that can be constructed from the pool of available pre-
dictor variables and calculating the AICc and BIC statistics for
each model. Models with the smallest values for these statistics
are considered optimal according to each respective criterion.
(The AICc adjusts and corrects the original AIC for small sample
sizes.)

Once a final regression model was selected, a type of cross-
validation that we refer to as a “leave-one-out” analysis was con-
ducted. This analysis entails splitting the data into 2 sets. In
general, the first (usually larger) set is used for fitting the regres-
sion equation, and the second set is used to assess how well the

ToraL SKELETAL SpoNGIOSA VOLUME MoDEL ¢ Brindle et al.

regression equation can predict future values (30). In the present
study, 1 cadaver was removed from the original set of 20. The
predictors selected for the final model and the data from the re-
maining 19 cadavers were used to fit a regression equation. The
resulting equation was then used to predict the total spongiosa
volume of the cadaver removed from the original set of 20. This
process was repeated for every cadaver so that the final model
was validated 20 times. A 95% prediction interval for the total
spongiosa volume of each cadaver omitted in the leave-one-out
analysis was also computed. The true value of a specific individ-
ual’s TSSV is expected to be contained in this prediction interval
95% of the time.

RESULTS

The anatomic measurements as well as the ages of the
20 cadavers are shown in Table 3. Table 4 shows each of the
coefficient estimates and associated P values for the predictor
variable chosen by the model selection method. The stepwise
regression approach produced the following model:

TSSV =By + B, (OC.W) + B, (OC.H) + B3 (Max.W) + &.
Eq. 5

In Equation 5, the os coxae width is represented by OC. W,
OC.H represents the os coxae height, Max. W represents the
maximum width of the femoral head (viewed in the sagittal
plane), and ¢ represents the error associated with the model.
The multiple R? value for this model was 0.88.

The adjusted R? value approach resulted in a model with
2 of the same predictor variables (OC.W and OC.H) as
those found in the model produced by the stepwise regres-
sion approach. The adjusted R?> value approach produced
the following model:

TSSV = By + B, (OC.W) + B, (OC.H) + B; (Max.W)

+ By (Max.H) + e. Eq. 6
The multiple R? for the model obtained with the adjusted R?
value approach was 0.89.

With the AICc method, the following model was pro-
duced:

TSSV =B, + B, (OC.W) + B, (OC.H) + &. Eq. 7
The multiple R? value for the model obtained with the AICc
approach was 0.87. The BIC approach selected the same 2
model parameters.

After the findings were reviewed, a final recommended
model consisting of the os coxae width (OC.W) and the os
coxae height (OC.H) was selected, as given in Equation 7.

With the final model selected, the leave-one-out analysis
was performed. Using a model with only the os coxae width
and the os coxae height, we calculated the predicted TSSV
for each cadaver on the basis of the data from the other 19
cadavers. Table 5 shows the CT-measured TSSV for each
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TABLE 3
Values for Predictor Variables Obtained from 20 Cadavers for Use in Multiple Regression Analysis*
Cadaver Ageatdeath(y) HT OCW OCH OCL BiB ASH SW L5T S1.B P FD MaxH MaxW HH FH
1 35 188.2 32.7 233 245 29.7 11.7 127 28 6.1 16.1 52 48 5.3 46.8 52.3
2 66 1722 287 21.8 232 269 129 132 24 55 145 4.7 4.5 4.9 35.6 47.7
3 77 156.8 29.7 201 20.2 31.0 103 119 22 4.0 12.7 41 4.0 3.9 341 419
4 68 1812 276 216 220 274 10.7 108 24 51 153 5.0 4.7 5.1 39.9 50.2
5 81 1758 293 231 240 285 114 138 25 58 151 49 45 5.0 38.6 485
6 72 165.2 276 21.3 220 299 104 116 24 55 147 4.7 4.5 4.7 38.9 47.4
7 70 159.1 33.6 201 205 303 9.2 129 25 47 128 42 39 4.2 38.6 42.8
8 62 1575 26.3 20.0 201 246 85 11.7 24 50 124 47 3.7 4.0 33.3 43.0
9 67 1711 315 213 218 279 113 131 2.8 56 146 48 43 4.7 38.7 47.3
10 78 175.0 33.6 225 232 285 125 120 2.7 56 149 48 4.4 4.9 41.3 49.3
11 82 1629 323 205 21.0 272 105 125 22 57 132 44 39 4.3 38.4 46.0
12 78 1499 283 19.7 200 271 101 114 26 54 127 47 3.9 4.1 347 414
13 73 159.6 30.3 208 20.8 282 132 125 23 46 132 43 43 4.2 34.8 43.0
14 76 165.0 23.6 209 209 249 102 109 26 49 136 44 41 4.5 34.7 426
15 68 168.0 32.0 203 206 26.7 121 13.7 23 56 120 39 3.6 3.9 35.9 455
16 80 1584 312 203 204 311 87 119 25 51 124 40 3.8 3.9 35.9 42.6
17 75 1569 33.8 211 216 283 121 137 21 3.7 122 41 3.4 4.0 34.7 444
18 75 165.0 30.5 206 20.6 31.8 112 128 2.7 4.8 128 42 41 4.2 35.4 433
19 40 169.2 26.0 200 203 26.0 11.8 11.7 21 48 123 40 441 41 38.4 433
20 73 168.6 30.3 212 214 312 118 125 23 46 135 44 42 41 41.1 46.7

*Abbreviations are explained in Table 2. All measurements are given in centimeters.

cadaver along with the respective predicted TSSV and the
percentage differences between the 2 values. The percent-
age differences ranged from +21.2% to —18.0%. The mean
percentage difference was 0.97%, with an associated 95%
confidence limit of =4.9%, and the median was —0.98%.
The prediction intervals associated with the predicted
TSSV for each cadaver are also shown.

The percentage distribution of the TSSV by skeletal site
is shown in Table 6 for the 20 cadavers studied. These
values were fairly consistent with the percentage distribu-
tions of total bone marrow in ICRP reference male and
female adults; the latter values are given as the normalized
ratios of the percentage distributions of active bone marrow
cellularity and reference marrow cellularity (27). Exact
comparisons of the percentage distribution of TSSV cannot

be made, as regional values for the marrow volume fraction
remain undefined in ICRP reference adults.

DISCUSSION

From a statistical viewpoint, the final regression model
containing the os coxae height and width was chosen for
several reasons. With a sample size of 20, the number of
predictor variables included in the final model should not
be more than about 2. Pedruzzi et al. (32) indicated that the
sample size or the number of events per variable included
in the model should be at least 10 to preserve the model’s
validity. Models with a number of events per variable of
less than 10 have been shown to introduce bias into the
regression coefficients (32).

TABLE 4
Results of Various Model Selection Methods

Selection method Multiple R? Variable Coefficient Coefficient estimate Coefficient P
Stepwise 0.88 Intercept Bo —4,791.3 <0.001
OC.W B4 -37.1 0.033
OC.H By 313.9 0.002
Max.W Bs 266.9 0.188
Adjusted R?2 0.89 Intercept Bo —4,449.7 <0.001
OoC.wW B4 —-41.7 0.024
OC.H B 315.2 0.003
Max.W Bs 430.0 0.110
Max.H Ba -230.2 0.333
AlCc and BIC 0.87 Intercept Bo —5,585.5 <0.001
OC.W B4 —46.3 0.006
OC.H B, 420.6 <0.001
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TABLE 5
Segmented and Predicted TSSVs, Percentage Errors, and Prediction Intervals

TSSV (cm?d) Prediction interval (cm?)
Cadaver Segmented Predicted % Difference Lower Upper
1 2,493.20 2,829.22 12.3 2,361.11 3,238.37
2 2,151.14 2,252.10 5.4 1,865.49 2,667.37
3 1,265.24 1,498.80 19.9 1,135.63 1,898.27
4 2,380.45 2,179.13 -7.6 1,802.32 2,598.67
5 2,852.19 2,739.06 -3.9 2,288.72 3,194.71
6 2,256.33 2,054.81 —-7.9 1,684.09 2,471.77
7 1,364.31 1,302.17 -4.9 864.82 1,731.79
8 1,426.07 1,604.50 15.4 1,240.51 2,051.06
9 2,300.99 1,885.72 -18.0 1,554.46 2,219.14
10 2,318.72 2,344.98 0.2 1,889.39 2,757.00
11 1,410.27 1,556.40 10.5 1,156.99 1,959.10
12 1,354.31 1,364.80 3.1 981.01 1,810.94
13 1,764.06 1,749.00 -0.2 1,364.34 2,155.29
14 2,137.16 2,035.88 -1.7 1,631.36 2,569.59
15 1,585.72 1,450.49 -8.2 1,051.16 1,859.43
16 1,661.10 1,482.29 -10.2 1,097.15 1,886.21
17 1,788.23 1,724.12 —4.2 1,296.50 2,128.45
18 1,590.72 1,661.02 5.1 1,276.67 2,066.95
19 1,716.77 1,814.37 -6.7 1,181.14 2,022.66
20 1,605.73 1,937.73 21.2 1,594.54 2,297.44

Both the AICc and the BIC model selection approaches
identified only the os coxae height and the os coxae width
as the optimal set of predictors. The stepwise selection ap-
proach chose 1 additional variable, the maximum width of
the femoral head, and the adjusted R> approach selected the
maximum height of the femoral head in addition to these
3. The multiple R? values for these models varied from
0.89 with the adjusted R? approach to 0.87 with the AICc
approach. The use of only the os coxae height and the os
coxae width did not reduce to a substantial degree the pre-
dictive capability of the model relative to those of models

with more parameters. However, it is possible that subse-
quent studies with larger numbers of cadavers will find 1 or
both of the maximum femoral head measurements to be
important predictors as well.

The leave-one out analysis suggested that the use of the
os coxae width and the os coxae height was adequate in
predicting the TSSV. The mean percentage difference be-
tween the measured TSSV and the predicted TSSV was
found to be 0.97%. For 15 of the 20 cadavers, the percent-
age difference was found to be less than 11%. A paired ¢
test revealed that the mean percentage difference was not

TABLE 6
Regional Percentage Distribution of Trabecular Spongiosa by Skeletal Site*

% Active bone % Marrow % Total bone marrow Mean = SD % TSSV
Skeletal site marrow cellularity* (ICRP adult) (present study)
Cranium 7.6 38 10.4 9.3 + 1.55
Mandible 0.8 38 1.1 1.0 £ 0.15
Scapulae 2.8 38 3.8 3.9 = 0.38
Clavicles 0.8 33 1.3 1.5+ 0.14
Sternum 3.1 70 2.3 21 +0.25
Ribs 16.1 70 12.0 9.3 = 0.77
Cervical vertebrae 3.9 70 2.9 25+ 0.15
Thoracic vertebrae 16.1 70 12.0 11.9 = 0.52
Lumbar vertebrae 12.3 70 9.1 10.1 = 0.64
Sacrum 9.9 70 7.4 7.5 = 0.53
Ossa coxae 17.5 48 19.0 22.5 +1.04
Femora (proximal) 6.7 25 14.0 12.8 = 0.50
Humeri (proximal) 2.3 25 4.8 5.5 = 0.24

*For comparison, data on percentage distribution of total bone marrow for ICRP reference adult (male or female; age, 40 y) are shown.
tData are from Table 40 in International Commission on Radiological Protection (27).
*Data are from Table 41 in International Commission on Radiological Protection (27).

ToraL SKELETAL SpoNGIOSA VOLUME MoDEL ¢ Brindle et al.

1881


http://jnm.snmjournals.org/

Downloaded from jnm.snmjournals.org by on March 15, 2017. For personal use only.

significantly different from O (P = 0.68). The 95% predic-
tion interval for the predicted total spongiosa volume cap-
tured the total spongiosa volume in 19 of the 20 cadavers.
The data for cadaver 9 did not fall inside the prediction
interval. Upon closer inspection of the data, we found that
this cadaver had a somewhat larger TSSV than would be
expected on the basis of the os coxae width and the os
coxae height. In any case, a prediction success rate of 19 of
20 (95%) means that the regression model was performing
as expected.

It should be noted that the utility of the final model,
which contains the os coxae height and the os coxae width
parameters, was assessed only with a certain sample pop-
ulation. The sample population had a mean os coxae width
of 29.95 cm and a mean os coxae height of 21.03 cm, with
95% confidence limits of £1.31 and *0.479, respectively.
The os coxae width measurements ranged from 23.6 to
33.8 c¢cm, and the os coxae height measurements ranged
from 19.7 to 23.3 cm. Less reliable predictions of the TSSV
would therefore be expected for individual patients with os
coxae dimensions outside these ranges.

Not surprisingly, the parameters associated with the os
coxae were central to predicting the TSSV. For all 20 ca-
davers in the present study, the os coxae was the skeletal
site with the largest spongiosa volume, comprising an aver-
age of 23% of the TSSV in the adult for skeletal sites
known to house hematopoietic bone marrow in the adult. In
the study of Brindle et al. (33), the os coxae height had an
R? value of 0.69 and correlated fairly well with the total
pelvic spongiosa volume; the os coxae width had an R?
value of 0.04 and thus did not correlate very well with the
total pelvic spongiosa volume. In the present study, the
observations were similar, as the os coxae width had an R?
value of 0.006 and the R? value for the os coxae height was
0.789. However, when the 2 parameters were considered
together in a regression model, they predicted the TSSV
fairly well. One potential explanation is that the os coxae is
a relatively thin bone and that its height and width are thus
characteristic of its overall size.

Another factor that was considered in the selection of
this model was the ease of obtaining necessary measure-
ments. Implementation of any technique, model, or process
into a clinical environment should be practical, and a model
based on a complex measurement scheme would likely be
time-consuming for both the patient and the clinician. Mea-
surements of the os coxae width and height can be made
quickly and easily with a pelvic CT scan, CT scout image,
or even a skeletal radiograph of the pelvis. Imaging with
either PET or SPECT is performed for several radionuclide
therapy schemes to quantify a patient’s biokinetics (34-36).
With the development of PET/CT and SPECT/CT, not only
would biokinetics information be available but also the CT
scan would provide a means to obtain the necessary ana-
tomic measurements of the os coxae height and width and
thus provide a reasonable estimate of the TSSV for scaling
reference marrow masses for dosimetric evaluation for that
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patient. If planar imaging were used, then a simple pelvic
radiographic could easily suffice to obtain these 2 skeletal
size measurements.

The os coxae width and os coxae height measurements are
truly projection measurements. In order to better characterize
the pelvis, the length of the os coxae was also measured with
volumetric CT data (not the scout image); pelvic tilt was
explicitly considered in the supine positioning of the ca-
davers during CT. Not surprisingly, the os coxae length was
highly correlated with the projected os coxae height (corre-
lation coefficient r = 0.98). Because the os coxae height was
highly correlated with the os coxae length and the difficulty
associated with obtaining the os coxae height measurement is
minimal (compared with the os coxae length), the os coxae
height was the parameter selected for statistical modeling.

Given a patient-specific estimate of the TSSV with Equa-
tion 7, one may derive a corresponding estimate of the
patient-specific RBM mass with Equation 3 by using the
TSSV for the reference phantom. Although the ICRP does
provide total and regional values for RBM mass and mar-
row cellularity for its reference adult male and female
(37), corresponding values for marrow volume fraction and
spongiosa volume are not defined in ICRP Publication 89
(37). Shen et al. (15) encountered the same issue in assigning
reference patient values for spongiosa volume for the L2-L4
vertebrae, and these authors instead resorted to the use of
average patient data. In a similar manner, we present in
Table 5 approximate reference values for TSSV based on
averages of the cadaver total body height (=5 cm of the
ICRP reference height).

The height of the ICRP reference male is 176 cm, and
5 of the male cadavers in the present study had heights
within =5 cm of this value. Their average height was
175.1 cm, and their average TSSV was 2,400.7 cm?. The
height of the ICRP reference female is 163 cm, and 6 of the
female cadavers in the present study had heights within
*5 cm of this value. Their average height was 162.2 cm,
and their average TSSV was 1,562.7 cm?.

CONCLUSION

The objective of the present study was to develop a clin-
ically viable means for estimating the TSSV within a given
patient undergoing molecular radiotherapy. Currently, the
mass of a patient’s active marrow is estimated from that of the
ICRP reference adult scaled by the ratio of phantom anthro-
pometric parameters to patient anthropometric parameters,
such as total body mass or lean body mass. Other studies have
suggested the use of more anatomically based scaling param-
eters such as the volume of trabecular spongiosa in a given
skeletal region or throughout the entire body. Conceptually,
the spongiosa volume in active marrow—containing skeletal
sites would be a better parameter to use for scaling reference
active marrow masses. In the present study, multiple linear
regression with the measured TSSV and CT-based skeletal
size measurements from cadavers resulted in the development
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of a predictive model of the TSSV in individual patients.
Although a leave-one-out analysis illustrated the ability to
use simple os coxae measurements (height and width) to
predict the TSSV to within approximately =10% accuracy,
the use of these estimates to improve correlations of dosim-
etry with observed marrow toxicity remains to be evaluated.
Expanding the cadaver database of the present study will
potentially increase the predictive nature of the model and
may offer the ability to predict spongiosa volumes separately
in male and female patients.
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