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As one of the major organs of the excretory pathway, the
kidneys represent a frequent source of radiopharmaceutical
uptake in both diagnostic and therapeutic nuclear medicine.
The unique organization of the functional tissues of the organ
ensures transient changes in suborgan localization of renal ac-
tivity. Current single-region dosimetric models of the kidneys,
however, force the assumption of a uniform distribution of ra-
dioactivity across the entire organ. The average absorbed dose
to the kidneys predicted by such models can misrepresent local
regional doses to specific substructures. Methods: To facilitate
suborgan dosimetry for the kidneys, 6 new age-dependent mul-
tiregion kidney models are presented. The outer dimensions of
the models conform to those used currently in single-region
kidney models, whereas interior structures are defined for the
renal cortex, the medullary pyramids with papillae (2 vertical and
3 horizontal), and the renal pelvis. Absorbed fractions of energy
were calculated for both photon and electron sources (10 keV to
4 MeV) located in each source region within the 6 age-depen-
dent models. The absorbed fractions were then used to assem-
ble S values for radionuclides of potential interest in suborgan
kidney dosimetry. Results: For the adult, the absorbed dose to
the renal cortex for 9Y-labeled compounds retained within that
subregion is ~1.3 times that predicted by the single-region
kidney model, whereas the medullary dose is only 26% of that
same single-region value. For compounds that are rapidly fil-
tered in the kidneys, the renal cortex dose is approximately
one-half of that predicted under the single-region model,
whereas the tissues of the medullary pyramids receive an ab-
sorbed dose 1.5-1.8 times larger. Conclusion: The multiregion
model described here permits estimates of regional kidney dose
not previously supported by current single-region models. Full
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utilization of the new model, however, requires serial imaging of
the kidneys with regions of interest assigned to the renal cortex
and medulla.
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Radiopharmaceuticals used in diagnostic and therapeu-
tic nuclear medicine are generally delivered to the patient
via intravenous injection. Because the kidneys serve as the
major excretory organ of the body where toxins, metabolic
wastes, and excess ions are removed from the bloodstream,
radioactivity uptake and local tissue irradiation will consis-
tently be observed in this organ. Other organs, such as the
liver or the spleen, concentrate radioactive materials fairly
uniformly at the macroscopic level. However, because of its
unique physiology, the kidneys are seen to concentrate
radioactivity nonuniformly (1-3). For materials that are
readily filtered by the kidneys, radioactivity is initially con-
centrated within the renal cortex, followed by sequential
concentration in the outer medulla, inner medulla, papillae,
and renal pelvis. After absorption of water in the inner
medulla, radioactivity is intensely concentrated within the
papillary ends of the medullary pyramids. Other substances,
however, may bind to the tissues of the renal tubules, and,
thus, persistent concentrations of radioactivity can be seen
in the renal cortex.

Kidney toxicity has been observed in both animal studies
(4,5) and human clinical trials of radioimmunotherapy
agents (6). Consequently, absorbed dose estimates are
needed for use in radionuclide therapy treatment planning.
Kidney dosimetry istypically conducted using single-region
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models (7) that require the assumption of a uniform activity
concentration and permit only the estimate of the mean
absorbed dose to the organ. When 3-dimensional (3D) emis-
sion tomography data are available, the MIRD schema can
be applied for nonuniform distributions of uptake in the
kidneys using voxel-based radionuclide S values (8). In this
MIRD pamphlet, a revised multiregion model of the kidney
is presented that permits an intermediate level of dosimetry
by explicitly delineating the renal cortex, medullary pyra-
mids, medullary papillae, and rena pelvis as potentia
source or target regions. Absorbed fractions for both photon
and electron sources are presented along with S values for
radionuclides of interest for both diagnostic and therapeutic
imaging and in radionuclide therapy. The pamphlet con-
cludes with abrief discussion of kidney dose—response data,
taken primarily from experiences in external beam radio-

therapy.

KIDNEY ANATOMY AND PHYSIOLOGY

The kidneys lie between the dorsal body wall and the
parietal peritoneum within the superior lumbar region. The
lateral surface of each kidney is convex. Its medial surface
is concave encompassing a vertica cleft, the rena hilus,
which leads to a space interior to the kidney called the renal
sinus. Structures such as the ureters, rena blood vessels,
lymphatics, and nerves enter and exit the kidney at the hilus
and occupy the sinus.

Internally, the kidneys may be divided into 3 distinct
anatomic regions as shown in Figure 1 (9). The most su-
perficial region is the renal cortex, which is light in color
and has a granular appearance. Deep with respect to the
cortex is the darker renal medulla composed of cone-shaped
tissue masses called medullary pyramids. The base of each
pyramid faces toward the cortex and the apex, or papilla,
points internally to the kidney hilus. The pyramids appear
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FIGURE 1. Anatomic diagram of kidney. (Adapted from Figure
26.3 with permission of (9).)
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striped as they are formed almost entirely by roughly par-
alel bundles of microscopic urine-collecting ducts. Sepa-
rating the pyramids are deeper penetrations of the cortex
(renal columns). Each medullary pyramid and its adjacent
cap of cortical tissue constitute 1 of ~6-18 lobes of the
kidney. Lateral to the hiluswithin therenal sinusisthe renal
pelvis: aflat, funnel-shaped tube that is continuous with the
ureter as it leaves the hilus. Branching extensions of the
pelvis form 2 or 3 major calyces, each of which subdivides
to form several minor calyces, cup-shaped areas that enclose
the papillae of the pyramids. The calyces collect urine that
drains continuously from the papillae and is emptied to the
renal pelvis. Urine then flows through the rena pelvis and
into the ureter, where it is transported to the urinary bladder.

The microanatomy of the kidneys is dominated by 2
structures: (1) nephrons, which are the functional units that
perform blood filtration and urine formation, and (2) the
collecting ducts, each of which collects urine from several
nephrons and conveysit to the renal pelvis. Each nephronis
composed of a glomerulus (cluster of capillaries) encased
within a capsule structure and connected to a renal tubule.
The glomerular capsules are located within the renal cortex,
whereas the renal tubules (carrying the filtrate) begin as the
proximal convoluted tubules and then form hairpin loops
(Loop of Henle) that penetrate into the adjacent medullary
pyramid. These penetrations into the medulla are small for
cortical nephrons (constituting ~85% of all nephrons) but
are substantial for juxtamedullary nephrons, whose glomer-
uli lie just lateral to the cortical—-medullary junction. The
ascending limbs of the tubules return the filtrate (which now
becomes newly formed uring) to within the renal cortex,
where they form the distal convoluted tubules. Urine isthen
sent by the collecting ducts back through the medullary
pyramids and into the rena pelvis.

REVIEW OF PUBLISHED DOSIMETRIC MODELS
OF KIDNEYS

In 1969, Snyder et al. published MIRD Pamphlet No. 5,
the first standardized anthropomorphic computational
model of the adult (10). In this model, the kidneys were
represented as 2 symmetric ellipsoids cut by a plane with no
differentiation of their internal structure. The mass and
volume of both kidneys were taken to be 288 g and 288 cm3,
respectively, for unit density tissue. This mass is relatively
consistent with the 310-g kidney mass of the Reference Man
as given in ICRP Publication 23 (11). In MIRD Pamphlet
No. 5, absorbed fractions of energy were tabulated for
various target organs and a uniformly distributed source of
photons in both kidneys.

In the subsequent revision to the MIRD Pamphlet No. 5
adult model (12), the geometry of the kidneys remained the
same. A change in the tissue density to 0.98 g cm~3 resulted
in a corresponding change of total kidney mass to 284.2 g.
In MIRD Pamphlet No. 5 Revised, the kidneys were also
considered as a uniform photon source for the tabulation of
specific absorbed fractions of energy. These values were
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also used in tabulating radionuclide S values for the adult
anthropomorphic model in MIRD Pamphlet No. 11 (13).

In 1980, Cristy published a series of anthropomorphic
computational models representing a newborn, 1y old, 5y
old, 10y old, 15y old (also representing a female), and an
adult (14). The geometric representation of the kidneys was
taken to be the same asthat in the adult MIRD Pamphlet No.
5 Revised model. For the adult, the only change made was
an increase in the density of soft tissue to 1.04 g cm=3,
giving arevised total kidney mass of 299 g. Kidney volumes
for the younger ages were derived on the basis of reference
kidney masses published in ICRP Publication 23 (11). In
1987, Cristy and Eckerman published absorbed fractions of
energy for monoenergetic photon sources originating from
various source organs within these 6 anthropomorphic mod-
els (7). In their calculations, the kidneys were considered as
both a uniform source and a target region.

The only nonuniform computational model of the kidney
was published in 1969 by McAfee (1). To calculate the
radiation dose for radionuclides excreted by the kidneys,
McAfee represented each kidney as 3 regions. the renal
cortex and medulla, represented as 2 concentric elliptic
shells, and the renal pelvis, represented as a wedge-shaped
hollow structure at the center of each kidney. Individual
medullary pyramids were not considered. The volume of
each kidney was taken as 151 cm? for amass of 151 g. The
corresponding dimensions of the cortex, medulla, and pelvis
were derived from percentage volume measurements on 1
human kidney, later published in ICRP Publication 23 (11).
The volume of the cortex was measured as 70% of the total
kidney volume, the medulla as 25%, and the collecting
system (pelvis) as 5%. Although the McAfee model was
thus available for making nonuniform kidney dose esti-
mates, the model has not been widely adopted in nuclear
medicine dose estimates, primarily due to lack of imaging
techniques needed to quantify differential kidney uptake in
vivo.

DESCRIPTIONS OF REVISED DOSIMETRIC MODELS

The new series of dosimetric kidney models provides
suborgan definitions not previously considered in the MIRD
Pamphlet No. 5 Revised adult kidney model (12) or in the
Oak Ridge National Laboratory (ORNL) kidney series
(7,14). In the following section, equations describing each
region within the kidney model series are given using the
Cartesian coordinate system defined for the full anthropo-
morphic mathematic models. In this system, the models are
assumed to be erect, with the origin taken as the center of
the base of the trunk, the positive x-axis directed to the
model’s left, the positive y-axis toward the model’s back,
and the positive z-axis upward toward the model’s head.
Within this coordinate system, the equations for each kid-
ney region are given in their most general form. Definitions
for the variables used in these equations are given in Table

1. Furthermore, values of these variables for the different
age-specific models are listed within Table 2.

The new model is formed of 12 regions for each kidney:
5 medullary pyramids, 5 papillae, the renal pelvis, and the
renal cortex. The number of medullary pyramids in the
model is less than that seen in the real anatomy (6-18
pyramids) and represents a compromise between math-
ematic simplicity needed for Monte Carlo transport calcu-
lations and the need for an improved anatomic representa-
tion over the concentric ellipsoid-shell model of McAfee
(2). Each region is derived from dimensions and volumes
givenin ICRP Publication 23 (11) for both the newborn and
the adult. For the other ages, the volume ratios between the
different kidney subregions are assumed to remain constant:
~70% of the total kidney volume is assumed to be cortex,
~25% medulla, ~4% pelvis, and ~1% papillae. Table 3
gives the volume of each kidney subregion for the 6 differ-
ent ages considered. The elemental composition of the kid-
ney tissues, given in Table 4, is assumed to be uniform and
is taken as soft tissue (as defined in (7)).

Outside Shape of Kidney Models

The uniform kidney model included within the ORNL
phantom series (7) is used to define the outer shape of the
new kidney model series. Each kidney is modeled as an
ellipsoid cut by a plane perpendicular to the x-axis. Both
kidneys are symmetrically positioned relative to the (y, 2)
plane. A 3D representation of the kidneys can be seen in
Figure 2A. Equation 1 defines the outer dimensions of each
kidney. The = sign is used to indicate either the right (+)
or left (—) kidney, respectively:

X * Xeio\2 — Vi o\? — Zi \2
( Ki o) n (y Yk 0) N (Z Z 0) -1
A by Cxi

and |X| = Xq;_1.

Eq. 1

Medullary Pyramids and Papillae

The human kidney contains between 8 and 18 medullary
pyramids separated by the renal columns of the cortex. To
account for the large surface of contact between the med-
ullary pyramids and the renal cortex, as well as the papillae
and the renal pelvis, 5 half-ellipsoids are used in the present
model for each kidney. Each ellipsoid represents a single
medullary pyramid, and at its tip the papilla tissues are
defined. Two half-ellipsoids are oriented vertically along
the zaxis. The remaining 3 half-ellipsoids are oriented
horizontally with 2 along the y-axis and 1 along the x-axis.
The thickness of the papillae tissue layer (dp,) at the apex of
each medullary pyramid is constant for al 5 ellipsoids and
is given in Table 2. Three-dimensional representations of
the medullary pyramids and their papillae within the kidney
model are shown in Figures 2B and 2C. The defining
equations are shown below. The = sign is used to indicate
either the right (+) or left (=) kidney, respectively.

The vertical medullary pyramids are represented by the
following 2 expressions:
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TABLE 1
Description of Parameters Used in Mathematic Equations of Kidney Regions

Kidney region
parameter

Description

Outer shape of kidneys

Half X-axis of each horizontal pyramid oriented along x-axis

Half Y-axis of each horizontal pyramid oriented along x-axis

Half Z-axis of each horizontal pyramid oriented along x-axis

X-position of center of left horizontal pyramid oriented along x-axis

Half X-axis of each horizontal pyramid oriented along y-axis

Half Y-axis of each horizontal pyramid oriented along y-axis

Half Z-axis of each horizontal pyramid oriented along y-axis

Y-position of center of each posterior horizontal pyramid oriented along y-axis
Y-position of center of each anterior horizontal pyramid oriented along y-axis

aki Half X-axis of each kidney
bk Half Y-axis of each kidney
Cki Half Z-axis of each kidney
XKi-0 X-position of center of left kidney
Yki-0 Y-position of center of each kidney
ZKi—0 Z-position of center of each kidney
XKi—1 X-limit for each kidney*
Medullary pyramids
aMe—v Half X-axis of each vertical pyramid
bme—v Half Y-axis of each vertical pyramid
CMe—v Half Z-axis of each vertical pyramid
ZMe—vi Z-position of center of superior vertical pyramid
ZMe—v2 Z-position of center of inferior vertical pyramid
aAmMe-X
Pume—x
CMe-X
XMe-X
ame-Y
bume-v
CMe-Y
YMe—Y1
YMe-v2
Medullary papillae
dpa Thickness of papilla layer at its apex
Renal pelvis
apel Half X-axis of each renal pelvis
bpe Half Y-axis of each renal pelvis
Cpel Half Z-axis of each renal pelvis
Xpel X-position of center of left renal pelvis

*Defines cutting plane exposing renal pelvis at medial side of organ.

Xi 2 - i— 2 Z— e—v. 2
( xpe>+(y yKo)+( Zy 1>51
aME*v bME*v CMe*zr

andz= 27y, (superior), Eq.2
and
X + 2 _ o 2 _ o 2
( xpa> +<y Yk 0) +(z Zy 2) _1
aME*v bME*v CME*zr
andz= zy._,, (inferior). EQ.3

In each kidney, the medullary tissues of the vertical
pyramids are located between zyevq and (Zyevi — Cuvev +
dp,) Within the superior pyramids and between zy..,, and
(Zvev2 T Cumev — dpy) Within the inferior pyramids. Simi-
larly, the papillae are located between (Zyievi — Cvey T+ Opa)
and (Zyievi — Cmev) Within the superior pyramids and be-
tween (Zyev2 + Cvev — Opa) @d (Zyevz + Cuev) Within the
inferior pyramids.

The horizontal medullary pyramids oriented along x-axis
are defined by the expression:
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X+ Yo x\2 — Veio\ 7= Ze o\
( XMX>+<y yKo)+( 40)51
Ape-x Bue-x Cime-x

and |X| = Xyex- EQ. 4

The medullary tissues of the x-axis-oriented horizontal pyr-
amids are located between *Xyex and (FXyex = 8vex +
drs) With the upper and lower signs signifying the right and
left kidney, respectively. Similarly, the papilla of these same
pyramids are located between (FXyex = @uex + dps) and
(IXMeX * aMeX)-

Finally, the horizontal pyramids oriented along the y-axis
are represented by the following 2 equations:

X * Xpg\2 — Vuevi\?  [Z— Zio\?
( Pe!) n (y Ym Yl) n ( Zk o) -1
Ave-v bMefy CMe-v

andy =Yye v (posterior), Eq.5
X =+ 2 — Ve 2 — Zai 2
( xpd>+(y Yu w>+<z 40)51
Ape-y Bive—v Cie-v
andy =Y.y, (anterior). EQ.6
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TABLE 2
Mathematic Parameters for Regions of Kidney Model for All Ages (cm)

Kidney region parameter Newborn 1y 5y 10y 15y Adult
Outer shape of kidneys
ak; 1.79 2.61 3.20 3.66 4.05 4.50
bi 0.93 1.25 1.40 1.47 1.53 1.50
Cki 1.70 2.41 3.20 3.99 4.96 5.50
XKi—0 1.91 2.64 3.44 417 5.18 6.00
Yki-0 2.94 3.90 4.50 5.04 5.88 6.00
Zki—0 10.00 14.30 18.90 23.60 29.30 32.50
XKi—1 0.71 0.95 1.31 1.74 2.48 3.00
Medullary pyramids
AMe—v 0.60 0.87 1.07 1.22 1.35 1.50
bme—v 0.40 0.54 0.61 0.64 0.66 0.65
CMe—v 0.87 1.23 1.63 2.038 2.53 2.80
ZMe—v1 Zki—0 + 1.24 Zki—o t+ 1.75 Zki—o T 2.33 Zki—0 + 2.90 Zki—o t+ 3.61 Zki—o T+ 4.00
ZMe—v2 ZKi—0 — 1.24 ZKi—0 — 1.75 ZKi-0 — 2.33 ZKi—0 — 2.90 ZKi—0 — 3.61 ZKi-0 — 4.00
amMe—X 1.39 2.03 2.49 2.85 3.15 3.50
bme—x 0.62 0.83 0.93 0.98 1.02 1.00
CMe—X 0.62 0.88 1.16 1.45 1.80 2.00
XMe—X 3.10 4.39 5.57 6.61 7.88 9.00
ame-y 0.56 0.81 1.00 1.14 1.26 1.40
bme—v 0.47 0.63 0.70 0.74 0.77 0.75
CMe-Y 0.77 1.10 1.45 1.81 2.25 2.50
YMe-Y1 Yki-o + 0.62 Yki-o + 0.83 Yki-o + 0.93 Yki-o + 0.98 Yki-o + 1.02 Yki-o + 1.00
YMe-Y2 Yki—o — 0.62 Yki—o — 0.83 Yki—o — 0.93 Yki—o — 0.98 yki—o — 1.02 Yki—o — 1.00
Medullary papillae
dpa 0.10 0.12 0.14 0.16 0.19 0.20
Renal pelvis
Apel 0.88 1.28 1.56 1.79 1.98 2.20
bpel 0.28 0.38 0.42 0.44 0.46 0.45
Cpel 0.77 1.10 1.45 1.81 2.25 2.50
Xpel 1.43 1.96 2.59 3.20 4.10 4.80

The medullary tissues of the y-axis—oriented horizontal
pyramids are located between yyey1 ad (Ymey: — bvey +
dp,) for the posterior pyramids and between yyey, and
(Ymev2 + byey — dpy) for the anterior pyramids. Similarly,
the papillae are located between (Yyeyr — Buey + dps) and
(Ymev1 — bmey) for the posterior pyramids and between
(Ymev2 + buey — Ora) @0d (Yvev2 + buey) for the anterior
pyramids.

Renal Pelvis

The renal pelvis is defined as a portion of an ellipsoid
within the whole kidney. The center of this ellipsoid is
located at the same y- and z-position as the center of the

renal pelvis can be seen in Figure 2. The following equa-
tions define the renal pelvis.

The defining ellipsoid and cutting planes for the renal
pelvis are given as:

Xi 2 _ o 2 _ o 2
( xpe>+(y yKo)+(z Ao)sl
Apa Bpa Cpqy

and [x| = X1,

Eq. 7

whereas the expressions that exclude the overlapping vol-
umes of the medullary pyramids with papillae are given as:

. . . . 2 _ 2 _ 2
whole kidney. Part of this ellipsoid overlaps the medullary (X * Xpa) N (y ym) . (z 2M1> g Eq. 8
pyramids and their papillae. A 3D representation of the \ aye ., Pue-—o Cve—v | '
TABLE 3
Volumes of Regions Defined Within Kidney Models (cm?3)
Kidney region Newborn 1y 5y 10y 15y Adult
Total kidney tissue 21.96 60.44 111.12 166.32 238.40 287.96
Renal pelvis 0.92 2.56 4.70 7.04 10.16 12.34
Papillae 0.16 0.34 0.62 1.02 1.80 2.42
Medullary pyramids 5.52 15.40 28.02 42.00 59.56 71.70
Renal cortex 15.36 42.14 77.78 116.26 166.88 201.50
MIRD PampHLET No. 19 ¢ Bouchet et al. 1117



TABLE 4
Elemental Composition of Soft Tissue

Percentage by weight

All models
Element (except newborn) Newborn
H 10.454 10.625
C 22.663 14.964
N 2.490 1.681
(6] 63.525 71.830
F 0.000 0.000
Na 0.112 0.075
Mg 0.013 0.019
Si 0.030 0.000
P 0.134 0.179
S 0.204 0.240
Cl 0.133 0.079
K 0.208 0.301
Ca 0.024 0.003
Fe 0.005 0.004
Zn 0.003 0.000
Rb 0.001 0.000
Sr 0.000 0.000
Zr 0.001 0.000
Pb 0.000 0.000
Density 1.04 gcm=3 1.04 gcm=3
X -+ 2 — v \2 2= g\
( xpe;> N (y Yki 0) +( Zyre vz> L} Eq. 9
aME*v bMe*v CMe*v
X * Xyeox |2 —Viico\?  [Z— Zi_o\?
( Me x) n (y Yki o) +( Zi o> =1, Eq. 10
Ape-x bve—x CiMe—x
+ 2 _ 2 5 \2
(x xpd) N (y yMe_Yl) N (z zK._o> -1 Eq 11
Ape-y Bye—v Cime-y
X -+ 2 \2 7 Y
( xpe;> N (y Yue Yz> +< Z; o) _ Eq. 12
Ape-v Bye—v Cme-v

Renal Cortex

The renal cortex is defined as the tissues both superficial
and interstitial to the medullary pyramids, in which the latter
definesthe renal columns. Computationally, the renal cortex
is defined as the whole kidney less the volumes occupied by
the renal pelvis, medullary pyramids, and papillae.

ABSORBED FRACTIONS OF ENERGY

To simulate the transport of photon and electron particles
within the present series of kidney models, the Monte Carlo
electron—photon transport code EGS4 (15,16) is used. Ad-
ditionally, the trunk region as defined in the ORNL phantom
series is added to the simulation geometry to keep track of
the energy escaping the kidneys. The methodology to cal-
culate absorbed fractions of energy with a corresponding
SD as described in MIRD Pamphlet No. 15 is used (17).

Absorbed fractions of energy, listed within Appendix A,
are calculated for both monoenergetic photon and electron
sources by considering 12 energies ranging from 10 keV to
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4 MeV. A total of 1,000,000 source particles are simulated
for each energy and source combination (10 runs of 100,000
particles). Source regions include uniform distributions
within the renal cortex, the renal medulla, the renal pelvis,
and the renal papillae. Target regions include these same 4
regions as well as the tissue regions outside the kidneys
(trunk region). Footnotes at the bottom of the tables in
Appendix A indicate when the coefficients of variation
(CVs) on the absorbed fraction exceed 30%.

RADIONUCLIDE S VALUES

The mean absorbed dose to the target region per unit
cumulated activity in the source region (S value) is calcu-
lated for a variety of radionuclides of interest in nuclear
medicine. These results are listed in Appendix B. The list of

A Renal cortex
Renal pelvis
B Renal cortex
Renal pelvis Medullary pyramids
Medullary pyramids
C Renal cortex

Renal pelvis

Papillary regions

FIGURE 2. Three-dimensional representation of computa-
tional kidney model. (A) Exterior portion of ellipsoid representing
kidney is seen with, at cutting plane, renal pelvis. (B) Cut
through kidney reveals 5 medullary pyramids, renal pelvis at
organ’s center, and surrounding renal cortex. (C) Cut through
pelvis shows medullary pyramids within pelvis. One medullary
pyramid is removed to reveal papillae at apex of each pyramid.
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TABLE 5
Radionuclides Used for Calculation
of Radionuclide S Values

Source regions

Radionuclides

Medullary pyramids, papillae, renal pelvis, renal cortex

11C, 18N, 150, 18F, 32P, 62Cy, 64Cu, 67Cu, 67Ga, 82Rb, 89Sy, 90Y, 99mTg,

111], 117mgpy 123] 125 131] 133Kg 153§m, 166H0, 177y, 186Re, 188Re,
191m|p. 201T]
)

radionuclides and source regions considered is shown in
Table 5. In these calculations, the radionuclide decay data
files of Eckerman et a. (18,19) have been used, in which the
B-particle and positron energy spectra are finely divided
into logarithmic intervals. The absorbed fractions for pho-
ton sources are used for al photon radiation components of
the decay scheme. The absorbed fractions for electron
sources are used for all B-particle and positron radiation
components.

DISCUSSION

Vaues of radionuclide S values given in Appendix B
may be used to compare regional kidney doses to values
obtained by the standard single-region model. Under the
present multiregion model, the mean dose per unit admin-
istered activity, Ay, to tissues of the renal cortex isgiven as:

Dcortex—rmltiregion .

A, = Tn3(cOrt < cort) +

TmeaS(COrt <— med) + tqS(cort <— pel), Eq. 13

Where Teor, Tmed, 8Nd T,y represent the residence timesin the
renal cortex, medulla, and pelvis, respectively. For the
present example, residence times in the small volumes of
the medullary papillae are not considered. In addition, val-
ues of T and T COrrespond to uptake in both the organ’s
blood pool as well as the parenchyma. In the single-region
kidney model, the mean dose across the whole organ is
determined as:

Dkidnw—single region

Ao = Tkidneyakidney <« kldl’ley), Eq 14

where Tyiqney represents the total resident time in the kidney
(Teot T Tmed + Tpa). Dividing Equation 13 by Equation 14
yields the ratio of renal cortex dose to average kidney dose
for a fixed administered activity and total kidney residence
time:
B S(cort <« cort) N

I:_)kidney—singleregion oo S(kldney <~ kldnew

; S(cort < med) ; S(cort < pel)

™ Skidney < kidney) | ™ Skidney — kidney)’

Eq. 15

Dcortex-multiregion

where feo, fmea, @d fy represent the fractional residence
times within the renal cortex, medulla, and pelvis, respec-

tively. A similar expression can be derived for the renal
medulla as a target region.

Table 6 presents values of dose ratios given by Equation
15 for compounds labeled with Y as a function of the
percentage total residence time assigned to the renal me-
dullaand renal pelvis. The difference in any combination of
fractional residence times is assigned to the rena cortex.
Consequently, for compounds that are filtered by the glo-
merular capsules and then concentrated in the tubules of the
renal cortex, the cortex dose is shown to be 1.29 times that
predicted by the single-region model (fre and fg are 0%).
Likewise, the dose to the medullary tissues is only 26% of
that predicted by Dkidnw_gngm region- FOI compounds that are
rapidly filtered in the kidneys and then rapidly transported
without tubular accumulation, Table 6 shows that the dose to
the rena cortex decreases to only 48% of that predicted by the
single-region model, whereas the tissues of the medulla may
approach a factor of 1.88 times as great.

Corresponding dose ratios are shown in Table 7 for
compounds labeled with 131, For compounds exhibiting
specific renal uptake in proximal or distal tubules, the dose
enhancement to the cortex is similar to that for *Y (dose
ratio of 1.27), whereas the dose to the renal medullais only
10% of the mean kidney dose. For compounds filtered by
the glomeruli, the mean dose to the kidneysis representative
of the cortex dose only when ~80% of the kidney residence
timeis assigned to the renal cortex (freq + fra = 20%). The
mean kidney dose is representative of the medullary dose
only when ~30% of the total residence time is within the
renal medulla.

Radionuclide S values for the single-region model are
4,87 X 104 and 1.64 X 104 mGy MBq~! s™! for ¥Y and
1311 respectively. Consequently, for the total kidney resi-
dencetimesof 0.5, 1.0, 2.0, and 3.0 h, the mean kidney dose
per unit administered activity is 0.877, 1.75, 3.51, and 5.26
mGy MBq~1, respectively, for ®Y and 0.294, 0.589, 1.18,
and 1.77 mGy MBq?, respectively, for 13!. These values
may then be used to assign absorbed doses to the renal
cortex and medulla given the relative dose ratios shown in
Tables 6 and 7.

Full utilization of the new model requires serial imaging
of the kidneys with regions of interest assigned to the renal
cortex and medulla. Whereas the inherent radiosensitivity of
the kidneys is defined at the cellular level, the multiregion
model can also be used to aid in predicting potentia bio-
logic response. If the dose-limiting cells of the kidneys are
those of the glomeruli, proxima convoluted tubules, or
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TABLE 6
Ratios of Absorbed Dose from °0Y-Labeled Compounds to Renal Cortex or Renal Medulla, as Determined
by Multiregion Kidney Model, to Mean Kidney Dose Assessed in Single-Region Model

Residence time

Dose ratio for renal cortex: D, muttiregion! Diidney-si ion residence time in renal pelvis (%
cortex-multiregion! “kidney-single region p

in medulla (%) 0 5 10 15 20 25
0 1.29 1.24 1.18 1.12 1.07 1.01
5 1.24 1.18 1.13 1.07 1.01 0.96

10 1.19 1.13 1.07 1.02 0.96 0.91
15 1.13 1.08 1.02 0.96 0.91 0.85
20 1.08 1.02 0.97 0.91 0.86 0.80
25 1.03 0.97 0.91 0.86 0.80 0.75
30 0.97 0.92 0.86 0.81 0.75 0.69
35 0.92 0.86 0.81 0.75 0.70 0.64
40 0.87 0.81 0.76 0.70 0.64 0.59
45 0.81 0.76 0.70 0.65 0.59 0.53
50 0.76 0.71 0.65 0.59 0.54 0.48

Residence time

Dose ratio for renal medulla: Dmedu,,a_,.,,u,t,-reg,-o,,/Dk,-d,,ey_s,-,,g,e region esidence time in renal pelvis (%)

in medulla (%) 0 5 10 15 20 25
0 0.26 0.27 0.28 0.28 0.29 0.30
5 0.42 0.43 0.44 0.44 0.45 0.46

10 0.58 0.59 0.59 0.60 0.61 0.62
15 0.74 0.75 0.75 0.76 0.77 0.77
20 0.90 0.90 0.91 0.92 0.93 0.93
25 1.05 1.06 1.07 1.08 1.08 1.09
30 1.21 1.22 1.23 1.23 1.24 1.25
35 1.37 1.38 1.39 1.39 1.40 1.41
40 1.58 1.54 1.54 1.55 1.56 1.57
45 1.69 1.69 1.70 1.71 1.72 1.72
50 1.85 1.85 1.86 1.87 1.88 1.88

For both target regions, ratios are given as function of percentage of total kidney residence time within medulla (rows) and renal pelvis
(columns), respectively. Difference in total kidney residence time is assigned to renal cortex.

distal convoluted tubules, then the appropriate radiation
target in the new model is the renal cortex. If, however,
the dose-limiting cells are those of the collecting ducts,
the appropriate target region in the revised model is the
renal medulla. A more extensive treatment of kidney dose
nonuniformity can also be pursued using emission to-
mography to assess renal activity uptake and retention
coupled with tissue volume measurements via CT. Full
3D assessments of kidney tissue dose can then be made
through a convolution of voxel-based radionuclide S
values with voxel-based measurements of the cumulated
activity (8).

KIDNEY DOSE-RESPONSE

The largest source of cellular, animal, and human dose—
response data collected over the last century for all nontar-
get organs resides in the experience of external beam irra-
diation. Radiobiologic data for kidney tolerance in animals
and humans are well established given knowledge of the
fractional volume of the particular kidney irradiated, the
fractionation scheme, and the dose rate applied (20-32).
Emami et a. (20) found that the tolerance dose (TD) was 23
Gy for bilateral whole-kidney external beam irradiation if
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delivered within 5 wk. This value is widely quoted to yield
symptoms of radiation nephritis in 5% of the population
within 5 y (TDgs). Similarly, 28 Gy is quoted to yield
symptoms of radiation nephritis in 50% of the population
within 5y (TDsys). Mohan et a. (33), Burman et al. (34),
Lyman (35), Olsen et al. (36), and Yorke et al. (37) found
dose-volume histograms useful in the prediction of the
probability of normal tissue complications when single kid-
neys received partial or nonuniform irradiation. Because
both kidneys are irradiated in radionuclide therapy, impor-
tant differences may be noted from the external beam ex-
perience.

The applicability of external beam dose-response data to
radionuclide therapy agents is still under active investiga-
tion (38). Fowler (39), Langmuir et al. (40), and Dale (41)
have reviewed the differences in response of tumors and
normal tissues to both external beam therapy and radioim-
munotherapy. A further review of the biologic consider-
ations of internal emitters, including the use of response
models based on external beam data, is given in Chapter 2
of Report 67 of the International Commission on Radiation
Units and Measurements (42).

No. 7 « July 2003



TABLE 7
Ratios of Absorbed Dose from '3'|-Labeled Compounds to Renal Cortex or Renal Medulla, as Determined by Multiregion
Kidney Model, to Mean Kidney Dose Assessed in Single-Region Model

Residence time

Dose ratio for renal cortex: D muttiregion! Dikidney-si ion residence time in renal pelvis (%
cortex-multiregion! “ kidney-single region p

in medulla (%) 0 5 10 15 20 25
0 1.27 1.21 1.15 1.09 1.03 0.97
5 1.21 1.15 1.09 1.03 0.97 0.91

10 1.15 1.09 1.03 0.97 0.91 0.85
15 1.09 1.03 0.97 0.91 0.85 0.80
20 1.03 0.97 0.91 0.85 0.80 0.74
25 0.97 0.91 0.85 0.80 0.74 0.68
30 0.91 0.86 0.80 0.74 0.68 0.62
35 0.86 0.80 0.74 0.68 0.62 0.56
40 0.80 0.74 0.68 0.62 0.56 0.50
45 0.74 0.68 0.62 0.56 0.50 0.44
50 0.68 0.62 0.56 0.50 0.44 0.38

Dose ratio for renal medulla: Dpmequia-muttiregion/ Diidney-single region f€sidence

Residence time

time in renal pelvis (%)

in medulla (%) 0 5 10 15 20 25
0 0.10 0.10 0.10 0.10 0.11 0.11
5 0.24 0.24 0.25 0.25 0.25 0.25

10 0.39 0.39 0.39 0.39 0.40 0.40
15 0.53 0.53 0.54 0.54 0.54 0.54
20 0.68 0.68 0.68 0.68 0.69 0.69
25 0.82 0.82 0.83 0.83 0.83 0.83
30 0.97 0.97 0.97 0.97 0.98 0.98
35 +. 14 1.11 1.12 1.12 1.12 112
40 1.26 1.26 1.26 1.26 1.27 1.27
45 1.40 1.40 1.41 1.41 1.41 1.41
50 1.55 1.55 1.55 1.55 1.56 1.56

For both target regions, ratios are given as function of percentage of total kidney residence time within medulla (rows) and renal pelvis
(columns), respectively. Difference in total kidney residence time is assigned to renal cortex.

The age-dependent multiregion kidney model series pre-
sented here has been developed to provide a computational
tool for investigators who wish to anticipate and, thereby,
avoid rena toxicity associated with severa radionuclide
therapy regimens (4,6,43—-48). Reasons that prompted the
development of this model were the recognition that most
radiopharmaceuticals were not uniformly distributed in the
kidneys and that the resulting effect of nonuniformity in
kidney absorbed dose would likely not be consistent with
dose averaged across the entire organ volume. To obtain
more accurate dose—response relationships for kidney tox-
icity, the investigator may need to acquire subregion time—
activity data that better resolve cortex and medulla radioac-
tivity. PET or SPECT imaging, and perhaps even seria
planar scintillation camera imaging, along with CT data on
tissue volumes, will allow the investigator to quantify the
radioactivity concentration in various kidney subregions for
subsequent use with the present multiregion model. For
voxel-based applications of the MIRD schema (8), only
PET or SPECT imaging would suffice. The characterization
of absorbed dose nonuniformity within the kidneys is per-
haps the most direct initial step in the development of

predictive models of kidney response. In specific clinical
circumstances, several other factors, including administra-
tion protocols (time and amounts of radionuclide, chemo-
therapy, total body irradiation, and marrow rescue), clear-
ance kinetics, dose rate, differential subregion tissue
radiosensitivity, and prior drug exposure, may need to be
included in models developed to provide a strong correla-
tion with renal toxicity observed in patients. Many investi-
gators (39—-41,49,50) have applied alinear quadratic model
(51) to evauate the role of dose rate and tissue radiosensi-
tivity, in addition to absorbed dose, in improving the pre-
diction of biologic response in radionuclide therapy to or-
gans such as the kidneys. Recent studies have focused
attention on kidney toxicity in radionuclide therapy (45—
47), indicating that a lack of consideration of these factors
may lead to an underestimate of the magnitude and timing
of the clinical dose—response (48). Use of either the revised
multiregion kidney model with seria planar imaging or the
3D voxel-based S values coupled with 3D SPECT or PET
imaging will yield improved nonuniform dosimetry data as
needed for the development of any predictive radiobiologic
model of kidney dose—response.
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CONCLUSION

Six new gylized mathematic models of the kidney are pre-
sented for use in internal dose assessment for both diagnostic
and therapeutic nuclear medicine procedures. These models
permit the consideration of both nonuniform distributions of
renal uptake and suborgan dose assessment to the rend cortex,
medullary pyramids, and renal papillae. In the new model, the
renal cortex doseis considered representative of the mean dose
to the glomeruli and the proximal or distal collecting tubules.
The renal medulla dose is considered representative of the mean
dose to the ascending or descending tubules and collecting ducts.

For the adult, the absorbed dose to the rena cortex for
DY -labeled compounds retained within that subregion is

1122
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~1.29 times that predicted by the single-region kidney
model, whereas the medullary doseisonly 26% of that same
single-region value. For compounds that are rapidly filtered
in the kidneys, the renal cortex dose is approximately one-
half of that predicted under the single-region model,
whereas the tissues of the medullary pyramids receive an
absorbed dose 1.5-1.8 times larger.
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