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Multidetector Computed Tomographic
Morphology of Ovaries in Cynomolgus
Macaques (Macaca fascicularis)

Jeryl C Jones,” Susan E Appt,? ] Daniel Bourland,® Patricia B Hoyer,* Thomas B Clarkson,? and Jay R Kaplan?

Macaques are important models for menopause and associated diseases in women. A sensitive, noninvasive technique
for quantifying changes in ovarian morphology would facilitate longitudinal studies focused on the health-related sequelae
of naturally occurring or experimentally induced alterations in ovarian structure and function. Multidetector computed
tomography (MDCT) is a fast, non-invasive imaging technique that uses X-rays, multiple rows of detectors, and computers
to generate detailed slice images of structures. The purpose of this study was to describe the utility of MDCT for reliably
characterizing ovarian morphology in macaques. Five macaques were scanned using contrast-enhanced MDCT. The follow-
ing characteristics were described: 1) appearance of ovaries and adjacent landmarks, 2) effects of varying technical protocols
on ovarian image quality, 3) radiation doses delivered to the pelvic region during scanning, and 4) MDCT estimates of ovar-
ian volume and antral follicle counts versus those measured directly in ovarian tissue. Ovaries were distinguishable in all
MDCT scans and exhibited heterogeneous contrast enhancement. Antral follicles appeared as focal areas of nonenhance-
ment. Ovarian image quality with 5 pediatric scanning protocols was sufficient for discriminating ovarian margins. Pelvic
region radiation doses ranged from 0.5 to 0.7 rad. Antral follicles counted using MDCT ranged from 3 to 5 compared with
3 to 4 counted using histology. Ovarian volumes measured using MDCT ranged from 0.41 to 0.67 ml compared with 0.40 to
0.65 ml by water displacement. MDCT is a promising technique for measuring longitudinal changes in macaque ovarian
morphology reliably and noninvasively.

Abbreviations: CTDI, computed tomographic dose index; MDCT, multidetector computed tomography; MPR, multiplanar

reformatting; ROI, region of interest; TLD, thermoluminscent detector

Cynomolgus and rhesus macaques (Macaca fascicularis, M.
mulatta) are important models for studies of menopause and
related diseases in women.138912,13,1516,26,30,32-34,39,44,49,51,53,54
Ovarian volume is an accurate predictor of menopausal status
in both women and macaque monkeys.>20:2527,444647,63 Eor
example, women having a mean volume of less than 3 ml
respond poorly to ovulation induction.?” Additional evidence
suggests that ovarian volume is a more sensitive marker of
ovarian function than serum follicle-stimulating hormone
concentrations.!®

A noninvasive imaging technique for accurately charac-
terizing in vivo changes in ovarian volume would facilitate
longitudinal studies of experimentally induced or natural
menopause in macaque models. The standard methods for
characterizing changes in ovarian morphology are either insuf-
ficiently repeatable in monkeys (for example, transabdominal
ultrasonography) or destroy the tissue of interest (ovariectomy)
and thus cannot be used for serial assessments.>!¢ Use of these
methods therefore precludes longitudinal studies comparing
changes in ovarian morphology with age, hormone levels, and
application of experimental treatments.

In women, multidetector computed tomography (MDCT)
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has been established as a fast, noninvasive imaging technique
for characterizing ovarian morphology.”2236:3845525557 MIDCT
uses X-rays, an array of multiple detectors, and advanced
computer processing to generate high detail slice images of
the body.?” Advantages of MDCT include high-speed acquisi-
tion of data (whole-body scans with 0.5- to 1-mm thick slices
can be completed in less than 30 s), low operator dependency,
and the ability to repeatably visualize structures of interest
without superimposition of overlying bone, gas, feces, or other
obstacles. Transverse MDCT slice data can be stored and later
used to create multiplanar reformatted (MPR) and three-dimen-
sional volume-rendered images without having to repeat scans.
Three-dimensional images can be rotated in space as needed to
understand complex anatomic relationships. The density, area,
and volume of individual structures can be calculated using
hand-traced regions of interest in sequential slices or through
the use of automated software.3-3841

Contrast-enhanced CT has been validated as a reliable and
accurate technique for estimating volumes of structures in ex-
perimental phantom studies and human case reports.!%384142
Low-radiation-dose MDCT protocols have been developed
for use in human pediatric patients and have been found to
provide good image quality.!#?32861 The normal CT morphol-
ogy of the human ovary and surrounding structures has been
described.”?2%95257 To our knowledge, studies describing the use
of MDCT for characterizing ovarian morphology in macaques
are unavailable. The 4 objectives of this pilot study were to 1)
describe the MDCT appearance of ovaries in adult macaques, 2)
describe the effect of various pediatric MDCT protocols on ovar-
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Table 1. Scan parameters for MDCT protocols used in macaques 7409, 7232, and 7235

Protocol 1 2 3 4 5
Macaque no(s). 7409 7409 7409 7232,7235 7232,7235
kVp 80 80 80 80 80

mA 160 100 80 100 100
Acquisition 32 row, spiral 32 row, spiral 32 row, spiral 32 row, spiral 32 row, spiral
Algorithm Detail Detail Detail Detail Detail
Slice thickness 0.5 mm 0.5 mm 0.5 mm 0.5 mm 1.0 mm
Rotation time 05s 0.8s 1.0s 0.5s 05s
Scan field of view 18 cm 18 cm 18 cm 18 cm 18 cm
Display field of view 15.5cm 15.5cm 155 cm 15.5cm 155 cm

All scans were initiated 10 s after bolus intravenous injection of 2 mg/kg nonionic, iodinated contrast medium.

ian image quality, 3) measure the radiation dose delivered to the
ovarian region during MDCT scanning, and 4) compare MDCT
ovarian morphology with gross and histologic morphology.

Materials and Methods

Animals. All procedures were done in accordance with federal,
state, and institutional guidelines and were approved by the
Institutional Animal Care and Use Committee of Wake Forest
University. Five female cynomolgus macaques (M. fascicularis)
were assessed. Three of these monkeys (nos. 7232, 7235, and
7409) were young adults (that is, approximately 5 y of age) at the
time of scanning, whereas the other 2 (nos. 6980 and 6234) were
aged (approximately 10 and 16 y, respectively). All animals were
acquired from commercial sources. Four of the animals (7232,
7235, 6980, and 6234) had undergone a unilateral ovariectomy
during a previous study, and the remaining monkey (7409) had
both ovaries present at the time of scanning.

All monkeys were fed an isoflavone-free, semipurified diet
prepared in our laboratory. This diet was designed to minimize
potential confounders due to biologically active phytochemicals
that are present in standard monkey chow.?? The diet contained
20% of calories as protein (derived from casein, lactalbumin,
and wheat flour), 30% of calories as fat (a mixture of saturated
and unsaturated fats plant and animal fats), and 50% of calories
as carbohydrates (dextrin, sucrose, and wheat flour). Vitamin
mixture (AIN-93-VX, Harlan Teklad, Madison, WI) and mineral
mixture (AIN-93-MX, Harlan Teklad) also were added to the
diet. Animals were provided with 120 cal of diet per kilogram
body weight, an amount that allows for wastage, in a social
setting. Body weights were 3.3 kg for monkey 6980, 3.3 kg for
7409, 4.3 kg for 6234, 4.9 kg for 7232, and 4.9 kg for 7235.

MDCT anatomic landmarks for localizing ovaries. Whole-body
MDCT scans from monkeys 6234, 6980, and 7409 were evalu-
ated retrospectively. These scans had originally been used for a
research project on cardiovascular disease. Postcontrast scans had
been acquired either during or 5 to 10 min after CT angiography
procedures. Scans for macaque 6234 had been performed with a
16-slice MDCT scanner (Lightspeed, General Electric Healthcare,
Piscataway, NJ), and scans for macaques 6980 and 7409 had been
performed with a 32-slice MDCT scanner (Aquilion 32, Toshiba
America Medical Systems, Tustin, CA). Transverse, MPR, and
3-dimensional volume-rendered views of the ovaries were gener-
ated and reviewed by 2 observers (J], SA) using an image analysis
workstation (Advantage Workstation, version 4.2, General Elec-
tric Healthcare). Anatomic features of the ovaries and adjacent
landmarks were described by using a macaque anatomic atlas
and human CT anatomy articles as references.”?%505257,62

Effect of varying MDCT scan protocols on ovarian image
quality. New scans of the pelvic region of macaque 7409 were

acquired by using a 32-slice MDCT scanner and 3 scanning
protocols adapted from those used for human pediatric pa-
tients (protocols 1 through 3 in Table 1).14232861 Protocols were
preprogrammed for sequential execution by using the MDCT
scanner’s operator workstation. Each monkey was sedated
inside a transport cage, by using ketamine (15 mg/kg) intra-
muscularly. Once loss of righting reflex was achieved, the animal
was positioned supine on the CT table with the legs extended.
A 26-gauge butterfly catheter was placed into the saphenous
vein and taped into place. Vertical and horizontal pilot scans
were created. Boundaries for the scan field of view included
the cranial margins of the ilial wings and caudal margins of the
tuber ischii. The lateral boundaries of the display field of view
included the lateral margins of the ilial wings.

Iodinated, nonionic contrast medium (Iopromide, 300 mg 1/
ml, 2 ml/kg, Ultravist, Berlex, Montville, NJ) was administered
through the butterfly catheter by rapid manual bolus. After a
10-s delay, the 3 preprogrammed protocols were performed se-
quentially.24 Image data from each scan were archived to DVDs
as DICOM files. Data were imported from DVDs to a laptop
computer (PowerPC G4, Apple, Cupertino, CA) and reviewed
by a single observer (J]) using open-source DICOM image analy-
sis software (OsiriX version 2.6 Medical Imaging Software, Los
Angeles, CA). The orthogonal MPR tool was used to generate
transverse, sagittal, and dorsal (coronal) planar views and to
localize each ovary. The image was magnified 300%. The display
window width was set at 200 HU and the window level was
set at 95 HU. Ovarian image quality for each scan protocol was
graded as excellent, good, fair, or poor.28 Grades were assigned
based on the observer’s ability to discriminate ovarian margins
from adnexa and to detect antral follicles (defined as focal areas
of nonenhancement within the ovarian parenchyma). For each
ovary during each protocol, the standard deviation of the CT
number was used as a measure of image noise.®® The CT number
was calculated by using an oval region of interest (ROI) placed
within the midslice image of the ovary. The ROI was placed
such that it did not include an antral follicle.

Radiation doses delivered to the ovarian region during MDCT
scanning. Scans of macaques 7232 and 7235 were acquired by
using the same 32-slice MDCT scanner as that used in the previ-
ous experiment and 2 new pediatric protocols (protocols 4 and
5in Table 1). The MDCT computer’s estimated CT dose index
(CTDI) was recorded for each protocol, after the boundaries for
the scan fields of view were set (Figure 1).1419% A thermolumi-
nescent detector (TLD) was placed on the ventral surface of each
macaque’s abdomen prior to initiating the 2 scanning protocols,
and cumulative dose estimates (rad) were measured by using a
commercial TLD reader (Harshaw TLD Model 5500 Automatic
Reader, Thermo Fisher Scientific, Franklin, MA).
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Figure 1. (A) Dorsoventral and (B) lateral pilot CT images demonstrating
the positioning, scan field, and display field used for MDCT scanning
and calculation of CTDI in macaque 7232. Boundaries for the scan field
included the cranial margins of the ilial wings and the caudal margins
of the tuber ishii (red). Boundaries for the display field included the
lateral margins of the ilial wings, ventral abdominal wall, and dorsal
margin of the ilial wings (yellow).

Comparison between MDCT, gross, and histologic morphology.
Immediately after MDCT scanning, macaques 7232 and 7235
were euthanized by using pentobarbital (100 mg/kg intrave-
nously). Complete necropsy examinations were done on each.
The ovaries were removed and measured twice for actual ovar-
ian volume by using a water displacement test: 1) the volume of
the ovary with adnexa (fat, partial fallopian tube, and fimbria);
and 2) the volume of the ovary alone, after the adnexa had been
removed.'? For this test, a graduated cylinder was filled with
8 to 20 ml of water (Figure 2). The water level was recorded

Figure 2. Photo demonstrating water displacement volume calculation
for the trimmed ovary in macaque 7235. Volume was calculated as the
difference in water levels before versus after placement of the ovary in
the graduated cylinder.

."'."'.1.-

Figure 3. Computer monitor display demonstrating MDCT volume
calculation for the right ovary in macaque 7232. The image is magni-
fied 300%, the window width is set at 200 HU, and the window level
is set at 95 HU. The hand-traced ovary ROI (red) is in the center of the
display. The inset box to the left of the ovary displays a 3-dimensional
summation image of all the traced ROIs and the calculated ovarian
volume in cubic centimeters (0.6608 cm?).

prior to introduction of ovarian tissue. The ovary, with adnexa
attached, then was placed in the graduated cylinder, and the
total volume was recorded. The ovary was removed from the
water, and adnexa was dissected away carefully. The volumes
of water before and after introduction of ovarian tissue again
were recorded. The volume of the ovary (with and without
adnexa) was calculated by subtracting the volume of the water
alone from the volume of the water containing the ovary (with
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Figure 4. Contrast-enhanced (A) transverse, (B) dorsal, (C) sagittal, and (D) volume-rendered 3-dimensional CT images demonstrating the right
ovary in macaque 6234 relative to adjacent anatomic landmarks. B, urinary bladder; F, fallopian tube; I, ilial wing; IP, iliopsoas muscle; O, ovary;
OV, ovarian vein; S, sacrum; U = uterus.

and without adnexa). University of Arizona, where they were sectioned serially (every

After volume measurements, the ovaries were placed in Bouin 4 to 5 um) and stained with hematoxylin and eosin. Follicles
fixative for 24 h before being transferred to 70% ethanol. They  in each ovary were classified and counted by a single observer
then were halved, embedded in paraffin, and shipped to The = who was unaware of MDCT findings. Follicles were classified
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Figure 5. Transverse CT images demonstrating the effect of contrast-
enhancement on the appearance of the right ovary in 3 macaques. (A)
Macaque 6234. The ovary is markedly enhanced. Ovarian and antral fol-
licle margins are easily visualized (arrow). (B) Macaque 6980. The ovary
is mildly enhanced. Ovarian margins and at least two follicles are faintly
visible (arrow). (C) Macaque 7409. The ovary is not contrast-enhanced.
Ovarian margins and follicles are not distinguishable (arrow).

as primordial (oocytes surrounded by a single layer of flattened
granulosa cells), primary (oocyte surrounded by a single layer
of cuboidal cells), secondary (oocytes surrounded by 2 or more
layers of cuboidal granulosa cells), and antral follicles (follicles
containing a fluid-filled antrum). Antral follicles were counted
every 100th section to avoid double counting of small preantral
follicles. The total number of sections per ovary varied from 11
to 17 according to interindividual differences in ovarian size
and the presence or absence of corpora lutea.?!4048

Digital image data from MDCT scans were reviewed by a
single observer (J]), using the same computer, software, and
MPR tools as for the previous image quality experiment. The
observer was blinded to the necropsy measurements prior to
generating and recording the MDCT measurements. Ovaries
were displayed by using 300% magnification. An oval ROl was
placed in the midslice location of the ovary to measure the mean
CT density (in Hounsfield units). The display window width
was set at 200 HU, and the window level was set at the mean CT
density value. Transverse, sagittal, and dorsal planar views of
each ovary were generated with the orthogonal MPR tool, and
the number of antral follicles (focal areas of nonenhancement
within the ovarian boundaries) was recorded. A point tool was
used to mark the locations of follicles in order to avoid repeat
counts. The ovarian area was hand-traced in sequential trans-
verse slices by using the draw and erase functions of the ROI
brush tool. After all slices had been traced, the volume of the
selected ROI (Figure 3) was computed by using volume calcula-
tion software (OsiriX version 2.6 Medical Imaging Software, Los
Angeles, CA). Volume measurements were performed 3 times
for each scan, and average values were recorded.

Results

MDCT anatomic landmarks for localizing ovaries. Ovaries were
visualized consistently in MDCT scans, and characteristics were
similar to those described in women.%” The localizing technique
involved identifying the large cervix and uterus in the caudal (in-
ferior) pelvic canal and then scrolling cranially (superior) through
the transverse slices until the tortuous fallopian tubes could be
seen exiting the lateral margins of the uterus. Orthogonal MPR
images were helpful for differentiating ovaries from adjacent
bowel (Figure 4). Volume-rendered 3D images were clearest when
ovaries and blood vessels were at peak contrast enhancement. In
such scans, the relationships between the ovaries, uterus, skeletal
structures, ureters, and blood vessels could be observed readily
from various viewing angles. In all scans, ovaries appeared as
oval to lobular soft tissue structures partially enclosed by the
lateral extremity and fimbria of each associated fallopian tube.
The ovaries were positioned cranial or lateral to the uterus and
ventral to the ureter and ovarian vein. Precontrast ovarian CT
density values ranged from 19 to 73 Hounsfield units. Ovarian
margins were calcified partially in macaque 6980. The margins
of the ovaries and antral follicles were best distinguished from
adjacent soft tissues in scans with contrast enhancement (Figure
5). In these scans, antral follicles could be discriminated as focal
nonenhancing areas within the ovarian parenchyma. Preantral
follicles were not visible in any of the scans.

Effect of varying MDCT scan protocols on ovarian image
quality. Image quality was sufficient for discriminating ovarian
margins and antral follicles in all 3 contrast-enhanced, pediatric
MDCT protocols (Table 2; Figure 6). Ovarian margins were
less distinct for both ovaries in scans performed with protocol
3 compared with protocols 1 and 2. Image noise (based on
the standard deviation of the CT number) ranged from 11 to
24 Hounsfield units for the 3 protocols. Increasing ureteral or

58

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



CT of ovarian morphology in macaques

Table 2. Image quality of 3 pediatric MDCT protocols in macaque 7409

Ovary Parameter Protocol 1 Protocol 2 Protocol 3

Right Margin distinction Good Good Fair
Antral follicle distinction Good Good Good
Image noise® 24 24

Left Margin distinction Good Good Fair
Antral follicle distinction Good Fair Good
Image noise 16 1

2CT number standard deviation measured at the ovary mid-slice (Hounsfield units).

Figure 6. MPR CT images demonstrating the effect of varying MDCT
scan protocols on the appearance of the left ovary and adjacent ana-
tomic structures in macaque 7409. See Table 1 for protocol descriptions
in detail. (A) Protocol 1: good discrimination of ovary margins versus
adnexa and good visualization of antral follicle. (B) Protocol 2: good
discrimination of margins, and fair visualization of follicle. (C) Protocol
3: fair discrimination of margins, good visualization of follicle. Window
width, 200 HU; window level, 95 HU. B, urinary bladder (some partial
volume averaging with rectum noted in dorsal planar view); C, colon;
I, ilium; U, uterus; Ur, ureter.

urinary bladder contrast enhancement was noted in sequential
scans, as was the presence of streak artifacts, some of which
seemed to arise from the surrounding pelvic bones, and some
from a metallic object in the nearby colon (Figure 7). The source
of this metallic object was unknown. Retrospective review of

Figure 7. Transverse CT image demonstrating streak artifacts radiating
from a metallic object (arrow) in the lumen of the colon in macaque
7409.

CT images from a scan performed 1 mo earlier did not reveal
any metallic objects in this macaque.

Radiation doses delivered to the ovarian region during MDCT
scanning. Corrected CTDI radiation doses were similar for pedi-
atric MDCT scans obtained with 1-mm slice thickness (protocol
5, 0.46 rad) versus the scans obtained with 0.5-mm slice thick-
ness (protocol 4, 0.51 rad; Table 3). Radiation doses measured
for both scans with TLD ranged from 0.79 to 0.85 rad, with a
mean of 0.82 rad. The readings were energy-corrected (factor of
1.25) for the over-response of the TLD at lower photon energies
to a mean of 0.66 rad.

Comparison between MDCT, gross, and histologic morphology.
Focal nonenhancing regions in MDCT images of the ovaries were
confirmed as antral follicles on histology (Figure 8). Histologic
total follicle counts ranged from 1503 to 2231 (Table 4). Antral fol-
licle counts from MDCT scans ranged from 3 to 5, and histologic
antral follicle counts ranged from 3 to 4. Volume estimates from
MDCT scans ranged from 0.41 to 0.67 ml, actual volumes for un-
trimmed ovaries ranged from 0.60 to 1.5 ml, and actual volumes
for trimmed ovaries ranged from 0.40 to 0.65 ml (Table 5). In 3
of the 4 scans, MDCT estimates of ovarian volume were within
0.01 to 0.02 ml of trimmed actual ovarian volumes. In 1 scan,
acquired by using 0.5-mm slice thickness, the MDCT volume
estimate was 0.14 ml greater than the actual trimmed volume.
This difference was primarily due to difficulties in distinguishing
the cranial and caudal ovarian margins from adnexa.

Discussion
In this study, MDCT enabled consistent identification of
the ovaries and surrounding structures, with an appearance
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Table 3. Average radiation doses measured using two MDCT scanning protocols in macaques 7232 and 7235

Protocol 4 Protocol 5
CTDI, uncorrected (16 cm diameter) 0.5 rad 0.5 rad
CTD], corrected (10 cm diameter) 0.6 rad 0.6 rad
TLD measurement not available 0.7 rad
Dose assessment 0.6 rad 0.6 rad

CTDI, computed tomographic dose index (calculated by CT computer for each scan); TLD, thermoluminescent detector (measurement of average
dose delivered to ovarian region for both sequential scans).

Figure 8. (A) MPR MDCT versus (B) histology slice images of the right
ovary and a large antral follicle in macaque 7232. The maximal diam-
eter of the follicle measured 4.42 mm. trans, transverse; sag, sagital;
dors, dorsal.

comparable to that reported for women.”’ Importantly, ovarian
volume estimates from MDCT scans closely matched values
measured from water displacement examinations, suggesting
that the MDCT technique can be used for noninvasive serial
assessment of changes of ovarian volume.

Among other findings, contrast enhancement seemed nec-
essary to distinguish ovarian and antral follicle margins, an
observation consistent with previous studies in which the
detection accuracy for small, soft tissue lesions was affected
markedly by the degree of density change between the lesion
and background tissue.3* The presence of overlying bone or
gas- or feces-filled bowel loops was not an impediment to visu-
alizing ovaries with MDCT. This technique therefore provides
an advantage over transabdominal ultrasonography, in which
overlying bone or feces- or gas-filled bowel can cause inconsis-
tent visualization of reproductive structures.’” A transvaginal
ultrasound approach can be used in women to help overcome
this problem.43 However, physical constraints make the use of
transvaginal ultrasound impractical in most monkey species.
Moreover, MDCT provides data that can be stored and reana-
lyzed as needed for future morphology studies of other pelvic

structures, such as spine, pelvic bone, arteries and veins, uterus,
cervix, urinary bladder, colon, rectum, and ureters.

Image quality was evaluated by using 3 MDCT protocols in
a single subject. Scanning protocol parameters were adapted
from those previously published for use in neonatal human
patients.!#232861 Our goal was to develop a scanning protocol
for future longitudinal studies that would keep the radiation
dose as low as reasonably achievable while maintaining good
image quality. In this image quality test, we standardized the
kVp setting (80) and slice thickness (0.5 mm) while varying the
mA settings (160 to 100 to 80) and rotation times (0.5 to 1.0 s).
We also limited the boundaries of the scan and display fields
of view to include only the pelvic region (that is, we targeted
this region). To minimize the effect of image display factors on
our comparisons, we used a constant image display window
width of 200 HU and a window level of 95 HU. A previous
study using cylindrical and spherical phantoms demonstrated
that observer perception of margins is affected markedly by
window display settings.®

We used a delay time of 10 s between the end of contrast in-
jection and the initiation of the 3 sequential scan protocols. In a
previous study, peak enhancement of the liver during pediatric
CT was found to occur 3 to 12 s after initiation of contrast injec-
tion with a power injector.® In all 3 protocols, we found that
image quality was sufficient for distinguishing ovarian margins
from adnexa and for distinguishing antral follicles from stroma.
The antral follicle margins were slightly less distinguishable in
protocol 2 (100 mA, 0.8 s), and the ovary margins were slightly
less distinguishable in protocol 3 (80 mA, 1.0 sec). Image noise
(standard deviation of CT number) was the same for all 3 pro-
tocols in the left ovary but slightly lower for protocol 3 versus
protocols 1 or 2 in the right ovary. It is possible that streak
artifacts from pelvic bones and the metallic object in the colon
could have affected ovarian image noise overall, regardless of
the protocols.”

We used 2 methods to measure radiation dose delivered to
the ovarian region during MDCT scanning in 2 of the monkeys.
Here, we standardized the kVp (80), mA (100), and rotation time
(0.5 s). We varied the slice thickness from 0.5 to 1 mm. TLDs
were used to measure surface radiation exposure by using
heat-stimulated emission of light after TLD irradiation.®® With
these detectors, the amount of emitted light is proportional to
the total radiation dose received. CTDIs were used to estimate
radiation exposure in light of ion chamber measurements of
radiation dose obtained for the particular X-ray mAs (product
of mA and rotation time) and kVp settings used during the
scan. 22 Values reflected an average dose to the subject’s volume,
whereas TLD measurements reflected peripheral point dose at
the surface. Radiation doses delivered to the ovarian region in
our 2 monkeys were similar for the 2 protocols (corrected CTDI
value, 0.6 rad each). This similarity indicates that slice thickness
did not have a great effect on radiation dose. These radiation
doses and the cumulative radiation dose from both scans (TLD
value, 0.7 rad) were much lower than those previously reported
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Table 4. Histologic follicle counts in macaques 7232 and 7235

Primordial + intermediate Primary Secondary Antral Total
7232 1960 183 84 4 2231
7235 1419 57 24 3 1503

Table 5. MDCT volume, gross volume, MDCT antral follicle counts, and histologic antral follicle counts for ovaries in macaques 7232 and 7235

Protocol no. 4 5
Macaque no. 7232 7235 7232 7235
MDCT volume (ml)? 0.67 0.54 0.66 0.41
Gross untrimmed volume, with adnexa (ml) 1.5 0.60 1.5 0.60
Gross trimmed volume (ml) 0.65 0.40 0.65 0.40
MDCT antral follicle count 3 5 5 5
Histologic antral follicle count 4 3 4 3

See Table 1 for protocol descriptions.
?Average of 3 measurements.

to cause ovarian damage in humans and macaques;>**’ the
LD50 of the human oocyte has been estimated to be 200 rad.®”
For developing macaque ovaries, X-ray exposures of 270 rad
were necessary for complete elimination of follicles.? In prenatal
rhesus macaque studies, the number of primordial follicles was
unaffected by X-ray exposures less than 3000 rad.*

Immediate postscan histologic examinations of ovaries in
the same 2 macaques confirmed that some focal areas of non-
enhancement on MDCT images matched the locations of antral
follicles. However, our estimated antral follicle counts from
MDCT were not the same as actual antral follicle counts from
histology. MDCT may have overestimated follicle numbers
because of image noise. Conversely, histology may have under-
estimated follicle numbers because of insufficient sampling. In
future studies, perhaps stereology will be a useful tool for more
definitively measuring MDCT follicle count accuracy.!!

Ovarian volume estimates from 3 of 4 MDCT scans in 2 ma-
caques were within 0.01 to 0.02 m1 (0.02% to 0.03%) of trimmed
ovarian volumes measured by water displacement. These
MDCT estimates are closer than those previously reported
in a study of granulosa cell tumors in women,*® in which CT
volumes of tumors were within 0.6% of actual tumor volumes.
We set the window display level at the mean, midslice ovar-
ian CT density value prior to performing our ovarian volume
calculations. We chose this technique because a previous study
found that this helps to maximize visualization of margins and
accuracy of region of interest cursor placement.%> An unexpected
finding was the larger difference between MDCT and actual
ovarian volumes measured from 0.5-mm thick CT slices (0.14
ml difference) versus 1 mm CT slices (0.01 ml difference) in
macaque 7235. This result was primarily due to difficulties in
distinguishing cranial and caudal ovarian margins from adnexa
with the thinner slices. With the thinner slices, changes in cra-
nial and caudal ovarian contour appeared to gradually blend
in with surrounding adnexa. With the thicker slices, changes
in cranial and caudal ovarian contour appeared more abrupt
and increased observer certainty for placement of the volume
ROIs. This finding is consistent with a previous study in which
visual recognition of object boundaries was a greater source of
CT volume inaccuracies than patient-related factors.!°

In summary, our findings indicate that MDCT is a promising
technique for serial in vivo characterization of ovarian morphol-
ogy in longitudinal studies using monkeys. Scan data were
collected from subjects in less than 30 s, with resulting views
that made possible consistent identification of ovaries without

interference from surrounding pelvic canal structures. More-
over, contrast-enhanced, pediatric MDCT protocols provided
sufficient image quality for distinguishing ovarian margins
and antral follicles while maintaining pelvic radiation doses
below those previously reported to cause ovarian damage
in women and macaques. Finally, ovarian volume estimates
from MDCT scans closely matched values measured during
postmortem examinations, an outcome that supports the util-
ity of MDCT for longitudinal studies of ovarian morphology.
Future studies with larger numbers of subjects are needed to
confirm whether MDCT is sufficiently sensitive to detect the
changes in ovarian morphology known to accompany the fol-
licular depletion and hormonal irregularity indicative of the
menopausal transition.
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