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With the size of the aged population in the United States expected to grow considerably
during the next several decades, the number of imaging studies performed on such aged
individuals will similarly increase. Thus, it is important to understand normal age-related
changes in the structural and functional imaging appearance of the abdominal organs. We
therefore present preliminary data and a review of the literature relevant to structural and
functional changes in the abdominal organs of children and older adults. In a retrospective
study of both adult and pediatric populations, we used computed tomography (CT), positron
emission tomography (PET), and PET/CT imaging to investigate age-associated changes in
size, attenuation, and metabolic function of the abdominal organs. Organs of interest
include the liver, spleen, pancreas, kidneys, adrenal glands, stomach, small bowel, colon,
and rectum. Although volumes of adult liver, spleen, pancreas, and kidneys do not change
significantly with age, adult left and right adrenal gland volumes do significantly increase
with age (r = 0.2823, P = 0.0334, and r = 0.3676, P = 0.0049, respectively). Also, the
attenuation of adult liver (r = —0.2122, P = 0.0412), spleen (r = —0.4508, P < 0.0001),
pancreas (r = —0.5124, P = 0.0007), and left and right adrenal gland (r = —0.5835, P <
0.0001 and r = —0.6135, P < 0.0001, respectively) decrease significantly with increasing
age. Every organ studied in the pediatric population demonstrates a positive association
between organ volume and age. Significant age-related changes in organ function are
noted in the adult liver and small bowel, with the liver demonstrating a positive association
between metabolic activity and age (r = 0.4434, P = 0.0029) and the small bowel showing
an inverse association between mean small bowel standardize uptake value and age (r =
—0.2435, P = 0.0174). Also, the maximum overall small bowel and colon metabolic activity
in children increases with age (r = 0.6478, P = 0.0008). None of the other organs studied
(ie, spleen, pancreas, adrenal glands, stomach, colon, rectum) demonstrate significant
changes in metabolism with advancing age. The metabolic volumetric product (calculated
as the product of organ volume and mean organ SUV) of the liver and spleen does not
change significantly with age. In conclusion, various abdominal organs demonstrate dif-
ferential changes in volume, attenuation, and/or metabolism with increasing age in pedi-
atric and adult populations.
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associated expenses, is projected to increase from 11.2% of
the United States gross domestic product in 2000 to 16.7% in
2050.! Despite the commonness of aging and its likely future
impact on the U.S. economy and health care system, rela-
tively little is known about or agreed on regarding the causes
and basic effects of normal aging.

Tietz and colleagues contend that more research is neces-
sary to set reference values for interpreting medical informa-
tion related to older individuals.? These researchers further
suggest that changes associated with normal age may be mis-
interpreted as abnormal if compared with reference values
derived from younger populations of individuals. Studies of
changes associated with normal aging also are needed be-
cause the growing, aging population will result in an increase
in the numbers of surgical procedures performed on older
individuals. An understanding of the changes in organ struc-
ture and function with age is thus crucial to better under-
stand, for instance, the amount of liver that can be resected in
an elderly patient while allowing for adequate hepatic func-
tion postoperatively.

Various imaging modalities from ultrasonography (US) to
computed tomography (CT) to magnetic resonance imaging
(MRI) have been used in the past to evaluate the structures of
single or multiple abdominal organs, with some studies com-
paring changes in structure with age. Several researchers
have established that CT and MRI are accurate means of
measuring hepatic volume in both pediatric and adult pop-
ulations.>® CT and MRI also have been shown to accurately
determine splenic, pancreatic, and renal volumes while less
accurately assessing adrenal volume.”® In the current study,
CT was used to evaluate the volume of abdominal organs.

Positron emission tomography (PET) enables one to eval-
uate tissue function that, to this point, largely has been ig-
nored in studies formally investigating changes in abdominal
organ function with age. Past studies of abdominal organ
function generally have focused on one or a few organs and
have judged functionality using a variety of measures such as
organ blood flow or organ secretions. For example, assess-
ments of liver function in humans and animals have relied
on, among other things, hepatic blood flow measurements,
liver function tests, and biliary secretions.??13 Liver scintig-
raphy also has been used to assess function.!*!> Changes in
splenic, pancreatic, and adrenal function have been evalu-
ated using a variety of tests, some of which are similar to those
used to evaluate liver function. In assessing the functionality
of the various segments of the gastrointestinal tract, including
the esophagus, stomach, small bowel, colon, and rectum in
relation to age, researchers have relied not only on measure-
ments of blood flow and secretions but also on measurements
of sphincter pressure, electrical activity, and transit time.
18F-fluorodeoxyglucose (FDG)-PET was used in the current
study to quantitatively assess for changes in organ metabo-
lism with age.

Overall, the aim of our study is to quantitatively evaluate
for the normal changes in size, CT attenuation, and FDG-PET
metabolic function of the abdominal organs from birth to old
age. Organs of interest include the subdiaphragmatic hollow
gastrointestinal system as well as the solid organs (liver,

spleen, pancreas, adrenal glands, and kidneys) within the
abdomen. The scope of organs evaluated as well as the
range of the subject ages included in this study is larger than
those of previous studies. Furthermore, although researchers
have used CT to assess for changes in organ size with age,
neither PET nor PET/CT have, to our knowledge, been pre-
viously used to assess for changes in organ function associ-
ated with normal aging. We therefore hope that this prelim-
inary study will contribute to a better understanding of the
age-related changes of size, attenuation, and metabolic func-
tion of the abdominal organs and serve as a starting point for
future prospective research related to this topic of interest.

Materials and Methods

Institutional review board approval for retrospective data
collection and image analysis along with a HIPAA waiver
were obtained from the Hospital of the University of Penn-
sylvania’s (HUP) and the Children’s Hospital of Philadel-
phia’s (CHOP) Institutional Review Boards before study ini-
tiation.

FDG-PET and CT Sample

Population and Image Data Acquisition

Adult subjects included in this study were gathered retro-
spectively from subjects who were imaged at HUP from Jan-
uary 2005 through October 2006. Pediatric subjects were
retrospectively gathered from a pool of subjects imaged at
CHOP and HUP during the same time period. Each partici-
pant’s age at the time of his or her imaging study was re-
corded. CT images were viewed and manipulated using our
radiology picture archiving and communications system
(PACS) workstation (Centricity; GE Healthcare, Milwaukee,
WI), whereas a dedicated workstation (PETView; Philips
Medical Systems, Bothell, WA) was used to work with PET
images and another dedicated workstation (Syntegra; Philips
Medical Systems) was used to evaluate PET/CT images.

For the evaluation of organ volume and liver and spleen
function in adults, subjects whose abdominal contrast-en-
hanced CT and FDG-PET imaging had occurred within 90
days of each other in 2005, whose imaging studies included
the entirety of each organ of interest (ie, liver, spleen, pan-
creas, adrenal glands, and kidneys for CT; liver and spleen for
FDG-PET), and whose relevant abdominal organs were inter-
preted by diagnostic radiologists and nuclear medicine phy-
sicians to be normal, were included in this study as long as
they had not received chemotherapy within the previous
3 months. At HUP, the abdominal CT scans used to deter-
mine the organ volumes of 57 subjects (33 men, 24 women;
ages 18-81 years) were performed in a supine position with
intravenous contrast material. Multidetector CT scanners
with 4, 16, or 64 detector rows or single-detector CT scan-
ners were used, and axial images were reconstructed from the
multidetector and single-detector units with 5-mm and
7-mm slice thicknesses, respectively.

At CHOP, 41 pediatric subjects (ages 1 month to 17 years)
whose CT scans included the entirety of each organ of inter-
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Figure 1 Axial contrast-enhanced abdominal CT images of subject demonstrating freehand ROI tracings of abdominal
organ contours for volume calculation.

est (ie, liver, spleen, pancreas, adrenal glands, and kidneys),
whose relevant abdominal organs were interpreted by diag-
nostic radiologists as normal, and who had received no che-
motherapy within the previous 3 months were included in
this study. The abdominal CT scans used to determine the
pediatric organ volumes were performed in a supine position
after the administration of intravenous contrast material. A
multidetector CT scanner with 16 detector rows was used to
acquire the images, and axial images were reconstructed with
slice thicknesses of between 3 and 6.5 mm.

Organ Volume Calculation Procedure

Organ volumes in both adults and children were then as-
sessed using freehand region of interest (ROI) tracings of the
outer contour of each organ on axial CT slices (Fig. 1). The
cross-sectional areas of each organ ROI were automatically
calculated by the PACS and recorded. Sums of these cross-
sectional areas were subsequently calculated for each organ
and multiplied by the slice thickness to provide organ vol-
umes. The volumes of the right adrenal gland and pancreas of
one pediatric subject were not measured because of poor
organ visualization secondary to poor contrast enhancement.

FDG-PET Sample

Population and Imaging Protocol

FDG-PET images used to determine the metabolic function
of the liver and spleen of a sample of 43 of the 57 adult
subjects (22 men, 21 women; ages 19-81 years) were ac-
quired at HUP using 1 of 2 dedicated whole-body scanners
(Allegro; Philips Medical Systems, or C-PET; ADAC UGM
Medical Systems, Milpitas, CA). As per the routine FDG-PET
clinical protocol at HUP, all subjects fasted for at least 4 hours
before their FDG-PET scan and, shortly before the injection
of the FDG radiotracer and received fingerstick blood glucose
measurements to ensure that their serum glucose levels were
<140 mg/dL at the time of radiotracer injection. Subjects
also were asked to empty their bladders before the PET scan.
After injection of 140 uCi/kg (5.2 MBg/kg) of FDG radio-
tracer through an intravenous indwelling catheter inserted
into an antecubital vein and during the 1-hour postinjection
FDG uptake period, subjects rested in a comfortable chair.
PET was then initiated after this rest period. Sequential over-
lapping scans were acquired from the base of the skull to the
mid-thigh, including the neck, chest, abdomen, and pelvis.
Transmission scans using a '¥’Cs point source were inter-
leaved between the multiple emission scans to correct for
nonuniform attenuation. The images were reconstructed us-

ing an iterative reconstruction algorithm, and attenuation-
corrected images were utilized to measure the standardized
uptake value (SUV), a quantitative measure of metabolic ac-
tivity, of the liver and spleen.

Solid-Organ SUV
Measurement From FDG-PET

Hepatic mean SUV was measured by placing an ROI 500 =
50 mm? in area in an axial slice of liver with a near-maximal
cross-sectional area and whose radiotracer intensity and ho-
mogeneity were representative of those demonstrated in the
liver as a whole. To measure splenic mean SUV, an ROI
100 = 50 mm? in area was placed in an axial slice of spleen
that had a near-maximal cross-sectional area and whose ra-
diotracer intensity and homogeneity were representative of
the characteristics of the remainder or the spleen. The meta-
bolic volumetric product (MVP), a quantitative measure that
takes into account an organ’s volume and metabolism, was
then calculated for the liver of each subject by multiplying the
hepatic volume by the hepatic mean SUV. Similarly, splenic
MVPs also were calculated for subjects in this same sample
population.

FDG-PET/CT Sample

Population and Imaging Protocol

To evaluate the CT attenuation in Hounsfield units of the
liver, spleen, and kidneys, 93 subjects (50 men, 43 women,;
ages 14-83 years), each of whom had received no chemother-
apy in the 3 months before their imaging study, had received
whole-body FDG-PET/CT scans performed at HUP in April
2006 through October 2006 using a 16 detector row LYSO
PET-CT (Gemini TF; Phillips Medical Systems, Bothell, WA)
that included the entirety of each organ of interest, and had
relevant abdominal organs interpreted by diagnostic radiol-
ogists and nuclear medicine physicians as normal, were eval-
uated. The same inclusion and exclusion criteria and equip-
ment were used in selection of subjects for measurement of
the attenuation of the pancreas (88 subjects, 47 men and 41
women; ages 14-83 years) and adrenal glands (50 subjects,
26 men and 24 women; age 14-83 years).

During each scan, a scout image was first obtained for
subject localization. Then, 60 minutes after the intravenous
administration of a 215 uCi/kg (7.9 MBg/kg) dose of FDG
and after the administration of oral contrast material, CT
images were obtained using a low-dose protocol (50-150
mAs) with a 5-mm slice thickness. Subsequently, 3D PET



Age-related changes in abdominal organ structure and function

157

data were then gathered using 3-minute table positions. The
PET acquisition included time-of-flight and dead-time cor-
rection; online delayed coincidence subtraction also was
used to correct for random coincidences. Rescaled CT images
were applied to produce attenuation-correction values for
the PET image reconstruction.

Organ metabolic activity was assessed using the same
PET/CT scanning protocol and ROI placement used in deter-
mining organ attenuation, and similar inclusion and exclu-
sion criteria applied previously in selecting subjects for organ
attenuation measurement also were applied for the selection
of subjects for measurement of the metabolic function of the
pancreas, adrenal glands, stomach, small bowel, colon (in-
cluding the ascending, transverse, descending, and sigmoid
segments), and rectum. One additional exclusion criterion
was applied in selecting subjects for this portion of the study:
subjects with PET/CT images interpreted as showing signifi-
cant diverticulosis of the colon were excluded. Overall, the
SUVs of the pancreas and adrenal glands of 38 subjects, the
stomach of 96 subjects, the small bowel of 95 subjects, and
the colon and rectum of 97 subjects (of a total of 97 subjects;
52 men, 45 women; ages 14-83 years) were evaluated.

Organ CT Attenuation
Measurement From FDG-PET/CT

CT attenuation of each organ was measured by placing ROIs
in each organ while using specific guidelines to direct the
size, placement, and number of the ROIs used for each organ.
For the liver, 4 ROIs, each 800 * 100 mm? in area, were
placed on axial slices of liver, avoiding the inclusion of large
vessels or ducts. An ROI was placed on a slice 3 to 5 slices
inferior to the superior-most cross-sectional slice of liver, a
second ROl was placed posteriorly in the slice of the liver that
had a near-maximal cross-sectional area, a third ROI was
placed in the slice of liver 5 slices superior to the inferior-
most slice, and the last ROT was placed in the left lobe in the
slice in which the left lobe had the largest cross-sectional
area. The average of the attenuation values of these ROIs was
then recorded.

Splenic attenuation was determined by placing 2 ROIs,
each 800 = 100 mm? in area, on axial slices of the spleen,
with care to avoid including splenic vessels. One ROI was
placed on a slice 3 to 5 slices inferior to the superior-most
cross-sectional slice of spleen, whereas another ROI was
placed at the level of the hilum. The average of these 2 atten-
uation values was recorded. Pancreatic attenuation was as-
sessed by placing 2 ROIs, each 100 = 10 mm? in area, in the
pancreas, with one in the pancreatic head and another in the
pancreatic body at the level of the splenic artery.

Finally, attenuation values of the adrenal glands was cal-
culated by placing a ROI, 10 = 2 mm? in area, in each of the
adrenal glands at a level in which the adrenal gland cross-
sectional area was near-maximal. Kidney attenuation was de-
termined for each kidney by placing 3 ROIs, each 100 = 10
mm? in area, on axial slices of the kidney with care to avoid
including the renal hilum. One ROI was placed on a slice 3 to
5 slices inferior to the superior-most cross-sectional slice of

kidney, while another ROI was placed near the level of the
renal hilum. The final ROT was placed on a slice 3 to 5 slices
superior to the inferior-most cross-sectional slice of kidney.
The average of these 3 attenuation values was then recorded.

Organ SUV
Measurement From FDG-PET/CT

The mean and maximum SUV measurements for the pan-
creas were determined by placing round ROIs, 100 = 10
mm? in area, in both the head and tail of the pancreas of each
subject on axial images. The mean and maximum SUV mea-
surements for the right and left adrenal glands were deter-
mined by placing a round ROI, 10 = 2 mm? in area, in each
adrenal gland of each subject on the axial slice at which the
cross-sectional area of the gland was near maximal. Gastric
mean and maximum SUVs were determined by placing 5
freehand ROIs on axial images of the stomach, with care
made to include the fundus, body, and antrum of the stom-
ach at least once each. Small bowel mean and maximum SUV
measurements were determined by placing 5 freehand ROIs
in the mid-abdomen as observed on coronal views, avoiding
the inclusion of colon and other surrounding abdominal and
pelvic structures. Colonic mean and maximum SUV mea-
surements also were derived from coronal images, with 5
freehand ROIs placed over each of the ascending, transverse,
descending, and sigmoid colon segments. Rectal mean and
maximum SUV measurements were determined from sagittal
images with 5 freehand ROIs placed over the rectum.

Pediatric Bowel
SUV Measurement From PET

Mean and maximum overall bowel metabolic activities also
were collected from PET images of a largely pediatric group
(23 subjects; ages 2-21 years, median age 13). These data
were gathered by placing 5 freehand ROIs in the midabdo-
men, as observed on coronal views. In placing these ROIs,
care was taken to avoid including the liver and other sur-
rounding abdominal and pelvic structures.

Subject Assessment of

Approximate Lumbar Spinal Height From CT
To evaluate the role of subject height on abdominal organ
size, particularly because subject height was not recorded at
the time of imaging for each subject, a substitute measure in
place of subject height was sought that could be easily ascer-
tained from the image data provided. The approximate
height of the lumbar spine was used for this purpose because
the lumbar spine was included on all abdominal CT imaging.
This height was determined by measuring the distance in
millimeters between the superior-most slice on which the L1
pedicle was visualized on the axial CT image and the inferior-
most axial slice on which the L5 vertebra was visualized but
without visualization of the sacrum. These lumbar spinal
heights were determined for each of the 59 adult patients
whose abdominal organ sizes were evaluated using CT. The
same procedure was used to determine lumbar spinal height
in the 41 children studied with CT imaging. Normalized
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Tahle 1 Changes in Solid Abdominal Organ Volumes on Contrast-Enhanced CT With Age

Organ Ages (Years) Mean = SD Volumes (mL), Range Pearson r P Value
Liver 0-8 488.49 = 295.87 131.53-1292.73 0.7523 <0.0001
9-17 1040.66 *= 344.96 203.83-1732.54
18-49 1606.63 = 386.62 1005.60-2596.17 —0.1268 0.3473
50-81 1467.27 = 397.77 650.13-2558.90
Spleen 0-8 77.72 = 64.41 10.50-259.40 0.7268 <0.0001
9-17 174.79 = 69.99 61.99-367.82
18-49 234.17 = 84.39 101.19-439.38 —0.0528 0.6965
50-81 213.09 = 95.85 65.52-483.65
Pancreas 0-8 18.32 £+ 8.31 3.93-30.39 0.7763 <0.0001
9-17 49.97 + 18.16 23.74-88.82
18-49 98.79 + 80.84 36.68-392.58 —0.0836 0.5364
50-81 85.12 + 57.85 24.21-365.38
Left adrenal 0-8 0.76 = 0.40 0.17-2.00 0.6490 <0.0001
9-17 1.88 = 1.14 0.37-4.08
18-49 3.89 £ 2,55 1.28-13.65 0.2823 0.0334
50-81 5.42 = 2.77 1.84-13.04
Right adrenal 0-8 0.74 = 0.47 0.26-2.28 0.6145 <0.0001
9-17 1.73 = 0.93 0.17-3.84
18-49 2.88 £ 1.13 0.93-4.57 0.3676 0.0049
50-81 3.92 + 1.66 1.87-8.36
Left kidney 0-8 48.54 + 23.87 12.09-106.12 0.7959 <0.0001
9-17 126.42 = 47.51 47.19-253.32
18-49 162.73 = 37.35 70.60-274.19 —0.1102 0.4146
50-81 154.31 = 36.23 95.68-230.56
Right kidney 0-8 47.61 = 23.62 12.75-101.38 0.8384 <0.0001
9-17 108.25 = 38.79 20.57-182.29
18-49 153.12 = 38.32 70.42-257.07 —0.0955 0.4796
50-81 147.94 = 37.89 87.49-224.88

Significance at P < 0.05.

organ volumes and normalized organ MVPs were then calcu-
lated by dividing organ volumes and organ MVPs, respec-
tively, by subject lumbar spinal height.

Data Analysis

Where applicable, organ volumes, organ attenuation values,
and organ SUVs (both mean and maximum) were correlated
with age. Also, where applicable, organ MVPs were calcu-
lated (with units of SUV — miilliliter) and correlated with age.
Furthermore, organ volumes and organ MVPs normalized to
lumbar spinal height also were correlated with age. All scat-
terplots were generated with Microsoft Excel software (Mi-
crosoft Corporation; Redmond, WA), whereas linear regres-
sion curves and statistical analyses were performed using
SPSS version 14.0 (SPSS Inc, Chicago, IL). The statistical
analysis software was used to calculate Pearson r correlation
values, 95% confidence intervals (95% CI), and 2-tailed P
values. Statistical significance was considered to be present
when P values were less than 0.05.

Results

Age-related differences in organ volumes and organ MVPs
were not significantly affected by variations in subject lumbar
spinal height. As such, analysis of organ volumes and organ

metabolism is reported without normalization to lumbar spi-
nal height.

Of the abdominal organs that were evaluated, a few statis-
tically significant age-related changes in organ structure
emerged. In adults, both left and right adrenal gland volumes
demonstrated significant positive associations with age (r =
0.2823; P = 0.0334, and r = 0.3676; P = 0.0049, respec-
tively; Table 1 and Fig. 2), whereas left and right adrenal
gland attenuation values correlated inversely with age (r =
—0.5835; P < 0.0001, and r = —0.6135; P < 0.0001, re-
spectively; see Table 2 and Fig. 3). In contrast, every abdom-
inal solid organ studied in the pediatric population demon-
strated a positive association between organ volume and age
(Table 1 and Figs. 4-8).

Liver, spleen, and pancreas attenuation values also de-
creased significantly with increasing age in the group studied
(r = —0.2122, P = 0.0412 for liver; r = —0.4508, P <
0.0001 for spleen; and r = —0.5124, P = 0.0007 for pan-
creas; Table 2 and Figs. 9-11).

Similar to the results observed with adult abdominal organ
volumes, the metabolic activity of most abdominal organs in
the pediatric and adult subjects included in this study was
not statistically significantly associated with age. Two excep-
tions, however, included the adult liver and the adult small
bowel. The adult liver demonstrated a significant positive



Age-related changes in abdominal organ structure and function 159
16 - o Left x Right 80 - o Left x Right
Adrenal — — Adrenal 60 4 " Adrenal — — Adrenal
14 " x o x
° 5 40 % o
89 * x4 % °
5 121 o f 20 o Voot ° 1958
E e £ 0 ° Py *!,..9- Xy == -
@ 10 1 ° o *® T . T T \M v
E 2 20 %o
2 35 o * £ o -
> o 2 %x x < 40 4 x°
E 6 ) d o X oOx '_:5 £0 4 .
E o Oy Y L8 ‘g .
2 49 50 _ 2R ¥y 2T < %01
£ xS0 T 2T b R °
24 g—mxz 2 & i L *x <2 100 4
&3 e 420
0 ! ! ! ! ! 0 20 40 60 80 100
0 20 40 60 80 100 Age (years)

Age (years)

Figure 2 Change in volume (in milliliters) of adult adrenal glands
with age based on contrast-enhanced CT. As noted in text, volumes
of right and left adrenal glands of adults increase significantly with
age.

association between age and metabolic activity (r = 0.4434;
P = 0.0029; Table 3 and Fig. 12), whereas the adult small
bowel showed an inverse association between mean SUV and
age (r = —0.2435; P = 0.0174; Table 3 and Fig. 13). Also,
the maximum overall small bowel and colon metabolic activ-
ity of the pediatric population studied demonstrated a signif-
icant positive association with age (r = 0.6478; P = 0.0008;
Table 3 and Fig. 14).

Organs SUVs that were not statistically significantly corre-
lated with age but that had a trend toward positive correlation
included splenic SUVs, mean and maximum stomach SUVs,
mean and maximum ascending colon SUVs, maximum trans-
verse colon SUVs, maximum rectum SUVs, and mean overall
pediatric small bowel and colon SUVs (Table 3). Organ SUVs
that were not statistically significantly correlated with age but
that had a trend toward inverse correlation included maximum
pancreas SUVs, maximum small bowel SUVs, mean transverse
colon SUVs, mean and maximum descending and sigmoid co-
lon SUVs, and mean rectum SUVs (Table 3).

MVPs of the liver and spleen showed no significant corre-
lation with age (Table 4). The liver and spleen MVPs trended

Figure 3 Change in attenuation (in Hounsfleld units) of adult adre-
nal glands with age based on noncontrast-enhanced CT. As noted in
text, attenuations of adult right and left adrenal glands decrease
significantly in attenuation with age.

slightly upward with age (Figs. 15 and 16), although the
trend for the spleen was nearly flat.

Discussion

Liver

Although the current study found a significant inverse rela-
tionship between liver attenuation and age in adults and a
positive association between liver volume and age in chil-
dren, no such significant relationship between volume and
age emerged in adults. Past research has reported conflicting
results regarding the relationship between liver volume and
age.

In pediatric populations, researchers have found liver vol-
ume to be more significantly correlated with factors other
than age. One study found that a child’s weight correlated
with liver volume better than did a child’s age, although age
and weight together correlated more strongly with liver vol-
ume than did weight alone.!* Konus and colleagues found
that although liver size correlated positively with a child’s
age, liver size correlated more significantly with height.'6

Tahle 2 Changes in Solid Abdominal Organ Attenuation Values on FDG-PET/CT With Age

Organ Ages (Years) Mean = SD Attenuation (HU), Range Pearson r P Value

Liver 18-49 54.24 = 8.29 24.40-68.02 —-0.2122 0.0412
50-81 50.18 = 9.71 11.77-64.94

Spleen 18-49 46.73 = 5.62 39.23-69.09 —0.4508 <0.0001
50-81 40.60 + 5.28 23.52-49.50

Pancreas 14-53 40.20 + 5.44 27.00-53.32 —0.5053 <0.0001
54-83 30.06 * 9.09 5.33-47.00

Left adrenal 14-53 27.52 £ 0.43 6.06-57.40 —0.5100 0.0002
54-83 —9.75 + 36.34 —96.15-40.00

Right adrenal 14-53 26.76 = 11.84 —8.4-50.30 —0.5071 0.0002
54-83 7.92 + 19.03 —37.00-50.00

Left kidney 14-53 26.71 = 8.04 10.91-63.17 —0.1396 0.1819
54-83 23.71 £ 6.50 8.72-39.73

Right kidney 14-53 27.08 = 6.98 6.16-49.75 —0.1567 0.1337
54-83 23.94 + 5.59 7.09-35.99

Significance at P < 0.05.
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Figure 4 Change in volume (in milliliters) of pediatric liver with age
based on contrast-enhanced CT. Asnoted in text, volumes of liver in
children increase significantly with age.

Johnson and coworkers noted that body surface area was the
characteristic that most accurately predicted a child’s liver
volume.!7 What is more, they also found that body surface
area predicted adult liver volume more accurately than many
other models correlating adult characteristics with liver vol-
ume. !’

In adults, Chan and colleagues demonstrated a positive
correlation between liver size (ie, weight and, accordingly,
volume) and body weight and gender, with women demon-
strating smaller livers than men with similar body weights.!®
Interestingly, the relationship between liver size and gender
became less significant with increasing age. Zeeh and Platt!®
note that both liver weight and volume decrease with age,
supporting the negative correlation between age and liver
size suggested by other researchers.?%-?! Niederau and co-
workers, while using US to measure midclavicular antero-
posterior and midclavicular longitudinal mean liver diame-
ters (8.1 cm and 10.5 cm, respectively), identified an inverse
correlation between liver size and age.?? In distinction to
these findings, Geraghty and coworkers noted only a minor
correlation between liver volume and age.” Similarly, al-
though Vauthey and colleagues found liver volume to dem-
onstrate an inverse correlation with patient age, they noted
that this correlation loses significance when correcting for
patient body surface area.?> Wakabayashi and associates also
concluded that liver volume determined via CT volumetry
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Figure 5 Change in volume (in milliliters) of pediatric spleen with
age based on contrast-enhanced CT. As noted in text, volumes of
spleen in children increase significantly with age.

Figure 6 Change in volume (in milliliters) of pancreas with age based
on contrast-enhanced CT. As noted in text, volumes of pancreas in
children increase significantly with age.

remained statistically unchanged with age when accounting
for body surface area.!® In studying 149 adults of varying ages
(with a median age of nearly 50 years), Geraghty and col-
leagues found that the median volume of the healthy adult
liver is 1710.2 mL.>

At the cellular level, hepatocytes themselves grow in size
but decrease in numbers with age.?* Tauchi and Sato found
that mitochondria of hepatocytes change similarly, increas-
ing in size but decreasing in overall number with age.?> Using
9mTc-galactosyl-human serum albumin liver scintigraphy to
investigate the viability of hepatocytes in livers, Wakabayashi
and associates found that although corrected liver volume
does not change with age, overall functional hepatocyte vol-
ume significantly decreases with age.’ This finding of re-
duced hepatic functional volume with age supports previous
reports of decreasing galactose elimination and urea synthe-
sis and, thus, diminishing functional liver mass, with age.2%-2°
Nitrogen clearance also decreases significantly with age.?! A
possible contributor to this reduced volume of functioning
hepatocytes may be the age-associated decrease in levels of an
enzyme (protein kinase CKII) involved in cellular prolifera-
tion, a finding noted in rat hepatocytes and various human
tissue.?” Additionally, the progressive accumulation of free
radicals within liver mitochondria with age damages mito-
chondrial DNA and, along with other age-related randomly
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Figure 7 Change in volume (in milliliters) of adrenal glands with age
based on contrast-enhanced CT. As noted in text, volumes of adre-
nal glands in children increase significantly with age.
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Figure 8 Change in volume (in milliliters) of kidneys with age based
on contrast-enhanced CT. As noted in text, volumes of kidneys in
children increase significantly with age.

occurring defects in respiratory chain enzymes, disrupts mi-
tochondrial energy production and may thus limit hepato-
cyte function.?®3% Grasedyck and coworkers identified fur-
ther cellular-level changes associated with normal aging of
the liver.3! Specifically, they found that although the col-
lagen content of the human liver declines after the growth
period of youth, the amount of the connective tissue then
remains nearly constant throughout adulthood and into
old age. However, they add that in rat models, the livers of
younger animals respond more robustly to toxic insults
and other disturbances than do their older counterparts’
livers.

The liver’s function with regards to drug metabolism may
be impaired beyond changes in liver size as well. In rats,
certain enzymes in the P-450 pathway have been shown to
lose activity in aged rats as compared with their younger
counterparts, although other studies have determined that
enzymes involved in phase I and phase II drug metabolism
remain at relatively constant levels with aging.32-3> Hepatic
blood flow also decreases in humans with age, with Wynne
and coworkers noting that decreased hepatic blood flow con-
tributes to a reduced ability of an aged liver to clear drugs.®1°
Zeeh and Platt suggest that the age-associated reduction in
hepatic blood flow may also result in hepatic functional de-
cline manifested as reduced bile flow and bile salt forma-
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Figure 9 Change in attenuation (Hounsfield units) of adult liver with
age based on contrast-enhanced CT. As noted in text, attenuations
of adult liver decrease significantly with age.

Figure 10 Change in attenuation (Hounsfield units) of adult spleen
with age based on contrast-enhanced CT. As noted in text, attenu-
ations of adult spleen decrease significantly with age.

tion.'” A similar age-associated reduction in bile flow also was
noted by Handler and coworkers®® Schmucker and cowork-
ers, in controlling for such alterations in bile flow with age,
further noted decreased secretion of immunoglobulins into
the bile of older rats.!* Overall hepatic synthesis of glucose
also has been found to decrease with age.?” In contrast to this
apparent decrease in hepatic function with age, absolute he-
patic protein synthesis in rats increases from youth to adult-
hood and then remains constant into old age.*-

Also in contrast to many of these findings, the current
study found the metabolic activity of the liver to increase
significantly with age in adults, although the overall MVP of
the liver did not change significantly. This significant in-
crease in liver metabolism may be reflective of an increase in
an aspect of hepatocyte function or other hepatic cellular
function not measured by previous studies. However, the
increased hepatic FDG uptake with age may also reflect cu-
mulative inflammatory changes secondary to increasing du-
ration of exposure to and processing of toxins by liver. Such
generalized inflammatory changes, with associated increases
in inflammatory cells relative to hepatic parenchymal tissue,
might also contribute to an age-associated reduction in liver
attenuation as noted in the current study. The observed re-
duction in hepatic attenuation with age may alternatively be
secondary to other changes (eg, increases in collagen content,
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Figure 11 Change in attenuation (Hounsfield units) of adult pan-

creas, respectively, with age based on contrast-enhanced CT. As

noted in text, attenuations of adult pancreas decrease significantly

with age.
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Tahle 3 Changes in Abdominal Organ SUV on FDG-PET and FDG-PET/CT With Age

Mean SUV Max SUV
Ages Mean =+ Pearson Mean = Pearson
Organ (Years) SD Range r P Value SD Range r P Value
Liver 18-49 1.77 £ 0.34 1.3-2.7 0.4434 0.0029 - - - -
50-81 2.10 = 0.44 1.5-3.0 - -
Spleen 18-49 1.41 =£0.24 0.8-1.9 0.2214 0.1537 - - - -
50-81 1.47 = 0.31 0.8-1.9 - -
Pancreas 14-53 1.30 = 0.29 0.58-1.68 0.0747 0.6220 1.65 = 0.43 0.88-2.93 -0.1410 0.3769
54-83 1.16 = 0.35 0.57-1.81 1.45 = 0.39 0.63-2.00
Left adrenal 14-53 1.23 £ 0.28 0.76-1.86 0.1188 0.4424 1.39 £0.34 0.89-2.13 0.1657 0.2828
54-83 1.26 = 0.39 0.71-2.20 1.44 = 0.45 0.76-2.64
Right adrenal 14-53 1.52 = 0.38 0.81-2.68 0.1268 0.4121 1.68 = 0.48 0.86-3.26 0.1337 0.3871
54-83 1.52 = 0.45 0.54-2.19 1.71 £ 0.49 0.55-2.38
Stomach 14-53 1.34 = 0.47 0.34-2.44 0.1708 0.0961 268 =1.11 1.27-5.85 0.0181 0.8614
54-83 1.40 = 0.39 0.45-2.20 2.73 £0.73 0.99-4.92
Small bowel 14-53 1.05 = 0.49 0.04-3.09 —0.2435 0.0174 1.60 = 0.57 0.63-3.69 —0.1652 0.1096
54-83 0.77 =050 0.11-1.66 1.33 £ 0.65 0.27-2.75
Ascending 14-53 0.87 = 0.25 0.46-1.41 0.1249 0.2227 2.08 =£0.79 0.65-3.96 0.1334 0.1928
colon 54-83 0.89 £ 0.35 0.08-1.68 2.27 £ 0.94 0.85-5.35
Transverse 14-53 0.68 =0.29 0.16-1.71 —0.0458 0.6557 1.59 = 0.58 0.64-3.71 0.0951 0.3540
colon 54-83 0.62 = 0.31 0.07-1.70 1.69 = 0.82 0.62-5.37
Descending 14-53 0.79 £0.26 0.33-1.25 —0.0957 0.3510 1.70 £ 0.54 0.75-3.54 —-0.0103 0.9202
colon 54-83 0.70 = 0.32 0.24-1.69 1.78 £ 0.99 0.68-7.27
Sigmoid 14-53 0.87 =0.32 0.26-1.66 —0.0024 0.9813 2.36 =1.44 0.75-7.70 —0.1295 0.2061
colon 54-83 0.85+0.37 0.11-1.80 2.15*+1.20 0.76-7.88
Rectum 14-53 1.26 = 0.42 0.45-2.56 —0.1297 0.2054 3.02 = 1.57 0.94-9.41 0.0189 0.8538
54-83 1.12 =+ 0.44 0.33-2.55 3.16 = 1.74 0.87-8.94
Small bowel, 2-12 0.64 = 0.12 0.42-0.82 0.2595 0.2319 1.21 £0.31 0.79-1.88 0.6478 0.0008
colon 13-21 0.76 = 0.17 0.47-1.05 1.77 £ 0.22 1.28-2.18

Significance at P < 0.05.

microscopic lipid content, or intrahepatic blood) not noted
on previous studies.

Spleen

As is the case for the liver, the relationship between splenic
volume and age is somewhat disputed in the literature. Our
study found adult splenic attenuation to be inversely corre-
lated with age and pediatric, but not adult, splenic volume to
be positively associated with age. Although Markisz and col-
leagues also found splenic volume to correlate positively with
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Figure 12 Change in mean SUV of adult liver with age based on
FDG-PET. As noted in text, mean SUV of adult liver increases sig-
nificantly with age.

age in pediatric populations, volume correlated more signif-
icantly with a child’s weight.!* Splenic length correlates well
with splenic volume and also has been been used by research-
ers to investigate changes in splenic size with age.*

In one study, pediatric splenic length was found to in-
crease linearly with increasing age, whereas a study per-
formed by Megremis and coworkers demonstrated a signifi-
cant nonlinear correlation between splenic length and
age.1%% This latter study found that the relationship between
age and spleen size was independent of body surface area,
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Figure 13 Change in mean SUV of adult small bowel with age based
on FDG-PET. As noted in text, mean SUV of adult small bowel
decreases significantly with age.
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Figure 14 Change in maximum SUV of pediatric small bowel and
colon (combined) based on FDG-PET. As noted in text, maximum
SUV of pediatric small bowel and colon increase significantly with
age.

weight, and height. Using US, Loftus and Meterweli noted a
rapid increase in splenic length up to age 20 (to an upper
limit of normal of approximately 12-13 c¢m in the Chinese
population studied), followed by a slight decrease in length
thereafter.*> Rodrigues suggests that age-associated shorten-
ing, thickening, and loss of elastic fibers within the splenic
capsule may contribute to a decrease in spleen size with
age.® Although both positive and inverse significant correla-
tions between spleen size and age have been demonstrated in
other studies of adults, Geraghty and colleagues, as in the
current study, noted only minimal association between
splenic size and age.>?%** Additionally, they noted the me-
dian splenic volume of a population with a median age of
nearly 50 years to be 238.3 mL.% In examining splenic trans-
verse and longitudinal lengths with US, Niederau and co-
workers found mean lengths of 5.5 cm and 5.8 c¢m, respec-
tively, in adults.??

In evaluating changes in splenic function with age, Markus
and Toghill examined the percentage of pitted erythrocytes (a
marker of splenic dysfunction) in a group of young and a
group of elderly subjects.*> The researchers noted a signifi-
cantly higher percentage of pitted red cells in the elderly
group than in the young group, suggesting diminished
splenic function in the older population.* Although Ravaglia
and colleagues also found significantly more pitted erythro-
cytes in subjects older than 70 years of age than in those
younger than 70, only one of the more elderly subjects had a
pitted erythrocyte count in line with splenic hypofunction.*
As such, the researchers contend that splenic function de-
creases slightly with age but remains clinically intact. The
spleen’s functional state in camels also diminishes with age,

0 10 20 30 40 50 60 70 80
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Figure 15 Change in MVP (SUV — milliliters) of adult liver with age.
Liver MVP is calculated as product of liver volume (determined from
contrast-enhanced CT) and liver mean SUV (determined from FDG-
PET). As noted in text, MVP of adult liver does not change signifi-
cantly with age.

as noted by its reduced role in platelet production with ad-
vancing age in adulthood. Specifically, Zidan and associates
identified significantly fewer megakaryocytes in the spleens
of aged versus young camels.*

Age-associated changes in the immunologic function of
the spleen also have been investigated. Garg and colleagues
found that splenic cells in older mice respond poorly to
pneumococcal vaccination, with a decline in response of cells
from old mice to only 10% of that of cells from young mice.*®
These researchers also noted that this vaccine-specific re-
sponse could be improved by mixing the older mice’s splenic
cells with either irradiated splenic adherent accessory cells
from young mice or a relatively larger number of these irra-
diated splenic adherent accessory cells from old mice. This
finding suggests that, with age, splenic immunologic func-
tion declines resulting from a quantitative decrease in a spe-
cific splenic cell type. Itzhaki and coworkers, in studying a
variety of cells derived from the spleens of young and old
mice, found trends suggestive of increased apoptotic cell
death in the spleens of older mice but with an age-related
decrease in proliferative capacity of splenic cells in all but the
oldest mice.* This increased loss of splenic cells, combined
with a decreased ability of the remaining splenic cells to
proliferate, may contribute to some of the functional losses
noted in aging spleens by various researchers. Such a cellular
loss, with a resultant greater ratio of blood to soft tissue in the
spleen, also may contribute to the age-related decrease in
splenic attenuation noted in the current study. What is more,
the reduced flow of blood through the liver noted by some
researchers may lead to functional congestion of the spleen,
further boosting the ratio of blood to soft tissue in the spleen

Table 4 Changes in Hepatic and Splenic Metabolic Volumetric Products (Mean SUV — mL) Using FDG-PET and Contrast-

Enhanced CT With Age

Organ Ages (Years) Mean = SD MVP (Range) Pearson r P Value

Liver 18-49 2915.72 = 1218.84 1798.21-7009.65 0.1705 0.2743
50-81 3147.92 = 1250.73 1170.23-5962.03

Spleen 18-49 358.88 = 152.83 145.71-703.01 0.0512 0.7442
50-81 330.26 = 164.57 72.07-686.99

Significance at P < 0.05.
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Figure 16 Change in MVP (SUV — milliliters) of adult spleen with
age. Spleen MVP is calculated as product of spleen volume (deter-
mined from contrast-enhanced CT) and spleen mean SUV (deter-
mined from FDG-PET). As noted in text, MVP of adult spleen does
not change significantly with age.

and further decreasing the attenuation of the spleen with age.
However, our findings of no significant change in either
splenic FDG uptake or splenic MVP with age differ with the
finding of a decrease in splenic function as noted in the pre-
viously discussed research. This may reflect that cells within
the spleen continue to metabolize glucose despite a waning
ability to contribute to hematological, immunological, or
other such functioning as indirectly measured by other re-
searchers.

Pancreas

Researchers undertaking studies of age-related changes in
pancreatic structure have reported contradictory findings.
Anande and colleagues, undertaking an endoscopic retro-
grade pancreatographic study of static pancreatic duct diam-
eter, found the accessory pancreatic duct and portions of the
main pancreatic duct to be significantly more dilated in older
individuals (with a mean diameter of 3.78 mm in the head
and 2.86 mm in the midbody) than in younger persons (with
amean diameter of 2.97 mm in the head and 2.36 mm in the
midbody), although the length of the ducts were similar
across age groups.”® Using US in 1,000 men and women ages
18 to 65, Niederau and coworkers found a mean maximal
pancreatic head diameter of 2.2 cm and further noted a sig-
nificant positive correlation between age and pancreatic
size.?? Other researchers, using CT to study pancreatic vol-
ume, found no such significant associations between pan-
creas size and age, similar to the findings of the current
study.’ Gilbeau and coworkers found that, although the pan-
creas becomes increasingly lobulated with age (especially in
diabetics), the pancreases of nondiabetic subjects demon-
strate no correlation between size and age.’!

Gilbeau’s group also found that diabetic subjects’ pancre-
ases were smaller than those of nondiabetic individuals (a
conclusion supporting the findings of Migdalis and cowork-
ers) and did demonstrate an inverse correlation between pan-
creatic size and age in individuals with diabetes.’!> The
greatest decrease in pancreatic volume was noted in those
diabetic subjects treated with insulin.”! Although the pancre-

atic body is smaller in diabetic subjects than in their nondi-
abetic counterparts, the size differential between the larger
pancreases of nondiabetic subjects and the smaller pancre-
ases of diabetics is particularly prominent in subjects’ pan-
creatic heads and tails.>! No differences in pancreatic atten-
uation were noted between the organs of nondiabetic and
diabetic subjects.”! In the current study, pancreatic attenua-
tion significantly decreased with age. This inverse relation-
ship with age may be secondary to the fatty replacement of
pancreatic tissue, which is not uncommon in aging individ-
uals.

In attempting to draw a connection between pancreatic
structure and function, Tsushima and Kusano noted that
pancreatic attenuation as determined with CT shows no cor-
relation with pancreatic parenchymal perfusion.”® Tsushima
and Kusano also found no change in parenchymal perfusion
with age.>® Glaser and Stienecker, in evaluating pancreatic
exocrine function by looking at pancreatic duct dilation in
response to secretin stimulation, found that the changes in
duct diameter were similar between younger and older
adults.>* This finding suggests stability in this marker of pan-
creatic function and is in agreement with our finding of no
significant change in pancreatic FDG uptake, and thus of
metabolic function, with age. Gullo and coworkers, using the
fluorescein dilaurate test (a noninvasive test of pancreatic
exocrine function), also found no correlation between age
and pancreatic function.”® In contrast to such findings of
stable pancreatic exocrine function with age, Vellas and co-
workers found that duodenal aspirates from older subjects
contained significantly reduced concentrations of pancreatic
enzymes than did those from younger individuals, suggesting
reduced pancreatic function with age.>® Laugier and col-
leagues arrived at a similar conclusion, noting that although
pancreatic flow rate and enzyme secretion increased through
to the third decade, they decreased thereafter to a statistically,
albeit not clinically, significant degree.””

Similar to these pancreatic exocrine studies, many investi-
gations of pancreatic endocrine function have identified an
inverse correlation between age and function. Glucose-stim-
ulated insulin secretion decreases linearly in pubertal chil-
dren, although this association disappears when controlling
for differences in insulin sensitivity.>® Pancreatic B-cell func-
tion has been shown to decrease with age independent of the
effects of intraabdominal fat on B-cell function.>® Kahn and
associates, in studying differences in the insulin secretion of
younger and older individuals in response to glucose infu-
sion, identified a significant reduction in insulin secretion in
older subjects when compared with younger counterparts
despite an equal glucose sensitivity of the B-cells across age
groups.®® Thm and coworkers similarly noted a more robust
glucose-stimulated release of insulin from the islets of ado-
lescent and young adults than from islets of adults older than
40 years of age.5! Bourey and coworkers also found that some
members of an older group of subjects demonstrated a sig-
nificantly diminished insulin response to glucose infusion;
however, the researchers noted that others among the older
subjects demonstrated insulin responses that were similar to
those of younger individuals.®? This similarity in insulin re-
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sponse between younger and older subjects supports the
findings from a previous study of the effects of aging on
glucose response.®® Gumbiner and his associates did note a
higher basal level of insulin secretion in the elderly versus the
young subjects, though.5?

Adrenal Glands

The current study demonstrates that in both children and
adults, the adrenal glands grow in volume to a statistically
significant degree with increasing age. A previous study of
neonates and infants found the adrenal glands of neonates to
be larger than those of infants, which differs from the current
study’s findings, but it focused on only a small age segment of
the current study’s population.®* In children, the adrenal
cortex expands in width with age, and in about the seventh
year of life, the inner zone of the adrenal cortex, the zona
reticularis, begins to develop, in agreement with the increase
in volume noted in this study’s pediatric population.

Regarding adults, past research in rats has similarly found
adrenal cortical volume to be larger in older rats than in
younger adult rats.®> Others have found no significant asso-
ciation between age and adrenal size in human adults,
whereas still others have found significant inverse associa-
tions between age and adrenal microstructural size.” Hornsby
asserted that, in older adults, the adrenal cortex begins to
mildly atrophy and commonly develops areas of hyperplasia
(ie, nodules).® This latter theory could help explain the in-
crease in volume noted in the current study. What is more,
the fatty nature of the adenomatous changes often seen in
adrenal glands of elderly individuals may contribute to the
significant age-associated decrease in adrenal gland attenua-
tion noted in the current study.

Data regarding age-related changes in baseline and stimu-
lated activity of the adrenal glands is also conflicting in the
literature. Lashansky and coworkers found that the adrenal
glands of infants produce more 17-hydroxyprogesterone at
baseline and when stimulated with adrenocorticotropic hor-
mone (ACTH) than do the adrenal glands of children ages 1
to 5 years.%” Baseline levels of this 17-hydroxyprogesterone
then increase again, attaining significantly elevated levels in
late-pubertal children. This older pediatric group also dem-
onstrated higher baseline and ACTH-stimulated levels of de-
hydroepiandrosterone (DHEA), possibly secondary to pres-
ence of an established zona reticularis (the inner region of the
adrenal cortex that produces adrenal androgens like DHEA
and its sulfate, DHEA-S) for several years. Additional subtle
yet significant age-related differences in pediatric baseline
and ACTH-stimulated adrenal activity were noted by the re-
searchers, some of which were sex-dependent.

Roberts and associates noted that such purely age-associ-
ated changes in adrenal gland response to ACTH stimulation
are not maintained into adulthood.®® Although some signifi-
cant differences in adrenal gland response emerge when con-
sidering both gender and age (eg, the adrenal glands of young
men respond less to 60 ng of ACTH stimulation than do other
groups, and the maximal responsiveness of older men is
lower than other groups), Roberts and associates found no

consistent age-related change in the sensitivity and respon-
siveness of adrenal glands in adults.®® However, others have
found that rat zona glomerulosa (ie, the outer layer of the
adrenal cortex) secretes less aldosterone with increasing
age 070

In investigating baseline adrenal gland function in human
adults in their fourth decade of life and beyond, researchers
likewise have identified a clear inverse association between
age and DHEA and DHEA-S levels, with DHEA-S circulating
in nonagenarians and centenarians at levels 5 times lower
than in younger adults.”*"2 Seals and Esler found that adrenal
medullary secretion of catecholamines in response to stress
similarly diminishes with increasing age (a finding conflict-
ing with previous research by Mabry and coworkers), al-
though overall decreased clearance of the hormones with age
generally offsets the reduced production.”™

In rats, although circulating levels of corticosterone (the
principle glucocorticoid in rats) are similar in young and old
animals, corticosterone production per adrenal cortical vol-
ume, and thus function of each cortical cell, diminishes with
age.® However, circulating levels of cortisol (produced
within the zona fasciculata, the middle layer of the adrenal
cortex) and androstenedione (produced within both the zona
reticularis, the inner layer of the adrenal cortex, and the zona
fasciculata) remain unchanged with age.” As such, the age-
related decrease in DHEA and DHEA-S production likely is
not a result of a functional decline of the entire adrenal cor-
tex, but instead is probably secondary to an age-related de-
crease in cell count specifically within the zona reticularis.
This overall stability of function of the cells within the zona
fasciculata reflects either an absolute retention of cellular
function or a decrease of function of each cell with a com-
pensatory increase in cell number or size to maintain hor-
mone production. Whatever the underlying cause, the stabil-
ity of adrenal gland function with age suggested by some
researchers is in agreement with our finding of stable adrenal
gland metabolic function with age as determined by FDG-
PET.

Kidneys

No significant age-associated change in the size or attenua-
tion of either kidney was noted in our study of adults, al-
though the volumes of the kidneys of the included pediatric
population did demonstrate significant positive correlations
with age. This increase in kidney volume with age supports
the findings of Han and Babcock.”® Dinkel and coworkers
found that body weight also correlates significantly with kid-
ney volume in children.”” However, beginning in young
adulthood and middle age and in contrast to the current
study’s findings, kidney size has been found by other re-
searchers to decrease slowly yet significantly into old age.
McLachlan and Wasserman noted a 0.5 cm decrease per de-
cade in kidney length, and Emamian and coworkers attribute
such age-associated size decreases primarily to a reduction in
parenchyma.”®7 Gourtsoyiannis and coworkers similarly
noting an age-related reduction in renal parenchyma, found a
decrease in parenchymal thickness of 10% per decade in
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aging adults.®® Suggesting a “normal” kidney size and with-
out adjusting for such potential changes, Geraghty and co-
workers in his study of adults with a median age of nearly 50,
measured median left and right kidney volumes to be 201.0
mL and 185.1 mL, respectively.” Researchers using US to
evaluate adult kidney dimensions have generally noted
mean lengths of the left and right kidneys between 10.3
and 11.1 cm, while another study, using conventional
renal scintigraphy found a mean kidney length of 11.5
o, 81-83

Although the current study did not evaluate age-associated
changes in metabolic function of the kidneys (because the
renal excretion of FDG currently limits the ability of FDG-
PET to quantitate renal parenchymal metabolism), previous
studies have used other measures to identify significant age-
related alterations in renal function. In newborns, although
the kidney is well adapted to reabsorb substances necessary
to maintain the body and allow for growth, Spitzer notes that
the transport mechanisms of newborn kidneys are less adapt-
able to changes in dietary proteins and minerals than are
those of adult kidneys.®* However, this adaptability of adult
kidneys to changes in body state and diet diminishes as indi-
viduals age.® Increasing age in adulthood also has been
found to be associated with a host of additional renal func-
tional losses. Hollenberg and associates found a decrease in
renal perfusion with age in adults.® What is more, renal
clearance of para-aminohippuric acid decreases whereas the
filtered fraction is elevated with age, suggesting an age-re-
lated decline in renal functional reserve and overall renal
function.®6-88 Drugs like gabapentin have also been shown to
be less rapidly excreted by the kidney in older individuals.®®

A host of mathematical equations (eg, Cockcroft-Gault;
Modification of Renal Disease [MDRD]; Jellife; Levey) have
been proposed to estimate glomerular filtration rate, creati-
nine clearance, and other such markers of kidney function,
and many of these equations attempt to account for the de-
crease in kidney function noted with increasing age, among
other variables. Fliser and colleagues stress, though, that de-
spite the renal functional decline noted in their study, most
elderly subjects still maintained glomerular filtration rates
within normal limits.3” Lin and coworkers, in evaluating ac-
tual (ie, using »I-iothalamate or **™Tc-diethylenetriamine-
pentaacetic acid renal clearance studies) and estimated glo-
merular filtration rates (using a variety of estimation
equations) of a population of healthy adults, noted mean and
range of estimated glomerular filtration rates of, for example,
97.6 mL/min per 1.73 m? and 55.8 t0 201.1 mL/min per 1.73
m? using the MDRD-1.%° However, Lin’s group and others
caution that the MDRD-1 and many other such equations
tend to underestimate actual kidney function.®®!

Studies have attempted to uncover some of the factors that
may contribute to such age-associated changes in the size and
function of adult kidneys. Hypertension, hypercholesterol-
emia, smoking, and atherosclerosis have been found to accel-
erate these age-related decreases in renal size and func-
tion.®2%* At the cellular level, Melk and coworkers note that
the kidneys of older individuals have more glomerulosclero-
sis, tubular atrophy, interstitial fibrosis, and fibrous intimal

thickening in small arteries, whereas Moriguchi and cowork-
ers identified an age-related increase in markers of tubular
dysfunction.?>*¢ Melk and coworkers contend that such
structural and functional changes occur in the setting of
increased nonspecific inflammatory response, increased
extracellular matrix turnover, and reduced mitochondrial
function.® Increased fibrosis activation combined with
accelerated apoptosis may also contribute to the glomeru-
losclerosis and interstitial fibrosis noted with increasing
age.”” Goyal also noted an age-associated decrease in the
number of tubular and glomerular cells in adults.”® Changes
at a microscopic level also have been noted in aging kidneys
that may contribute to the functional changes noted previ-
ously. For example, Fardoun and coworkers note that dopa-
mine receptors in the proximal tubules of nephrons become
uncoupled from G proteins in aging rats and that this uncou-
pling and resultant dysfunction likely stems from an accu-
mulation of oxidative stress with age.”® Also, renal expression
of certain proteins associated with lipid synthesis and renal
accumulation of cholesterol increases with age, and Jiang and
coworkers assert that this accumulation of lipid within the
kidney may contribute to some of the functional decline
noted in aging adults.!®

Esophagus

Although the esophagus was not evaluated with CT or PET in
this current study of the abdominal organs, others have eval-
uated structural and functional characteristics of the esoph-
agus. For example, Schmalfuss and colleagues, using CT and
MRI, found the normal cervical esophagus to measure fewer
than 16 mm in anteroposterior diameter and fewer than 24
mm in lateral diameter, with an average wall thickness of
between 3.8 and 4.8 mm.!°! Other researchers have em-
ployed a variety of modalities to evaluate esophageal func-
tion.

Using manometry, Omari and associates determined that
premature neonates (of 33-37 weeks’ gestation) have devel-
oped and functional motor mechanisms to regulate upper
esophageal sphincter resting pressure and relaxation.!®?
Comparing the upper esophageal sphincter of preterm and
full-term neonates, Jadcherla and coworkers noted peristaltic
velocity to be twice as high in full-term neonates as in pre-
term infants.!® When comparing the upper esophageal
sphincter function of all these neonates to those of middle-
aged adults, the researchers found neonates to have a lower
resting upper esophageal sphincter pressure, a smaller pres-
sure decrease with relaxation of the sphincter, and greater
duration of sphincter relaxation than adults. As such, the
amount of time that the upper esophageal sphincter remains
open during swallowing appears to decrease between infancy
and adulthood.

Among adults, mean resting upper esophageal sphincter
pressure is inversely associated with age.9*19 Then, once the
upper esophageal sphincter is contracted, older individuals
displayed greater delay in relaxation of the sphincter than did
younger subjects.!%* Similarly, the lower esophageal sphinc-
ter of older adults functions more poorly than younger
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adults, with Ren and colleagues noting less frequent total
lower esophageal relaxation after distention with air.!%® Be-
yond the esophageal sphincters, Ren and colleagues noted
that secondary esophageal peristalsis after esophageal disten-
tion is evoked with less frequency in older individuals when
compared with younger counterparts.'% Grande and co-
workers found peristaltic wave amplitude and velocity de-
creases with age.! Hollis and Castell also found a significant
reduction in the amplitude of esophageal peristaltic waves in
older individuals, particularly in people older than 80 years;
however, these researchers found that the waves are propa-
gated with similar speed and duration in young and old sub-
jects.!07 This finding, they explain, points to a weakening of
esophageal smooth muscle, but stability of esophageal ner-
vous system function and esophageal motility, with age. This
apparent stability of the esophageal nervous system function
is all the more notable given the significant loss of myenteric
esophageal neurons with age.!%81% This loss of esophageal
neurons is most substantial in the superior third of the esoph-
agus and reportedly is associated with an increase in size of
the remaining neurons.

Stomach

In studying the stomach, researchers commonly used gastric
blood flow as a marker of gastric function. Studying gastric
mucosal blood flow in adults, Taha and coworkers found no
correlation between flow and age in adult nonsteroidal anti-
inflammatory drug (NSAID) users.!? Although Lee’s find-
ings agree, in part, with this conclusion of similar gastric
blood flow characteristics across age groups, a significant
point of distinction separates the 2 studies.!!! Namely, al-
though Lee identified no significant difference between acid-
induced changes in gastric blood flow in old and young rats,
he demonstrated an inverse correlation between age and both
mucosal and serosal basal gastric blood flow in these rats.

In looking at gastric secretory function with age, Gold-
schmiedt and coworkers noted a positive correlation between
age and gastric acid secretion.!!? Feldman and coworkers
found no such association between age and gastric acid se-
cretion, although they did identify an inverse correlation be-
tween age and pepsin secretion.''? The role of differences in
gastric cell count (eg, increased numbers of parietal cells and
decreased numbers of mucous cells with age) is uncertain.!?
Levels of COX-1 mRNA were reduced in stomachs of older
rats when compared with levels in younger rats.!'* Because
COX-1 is a precursor of mucosal-protective prostaglandins,
this reduced level of COX-1 mRNA may help explain others’
findings of reduced concentrations of gastric prostaglandins
with age, especially in those individuals older than 70 years
of age.11>117

Gastric emptying also has been used as a marker of stom-
ach function. Studies comparing gastric emptying across age
groups often use radiolabeled liquids and solids and have,
with some exceptions, generally demonstrated delayed gas-
tric emptying with increasing age.!'$!1 O'Donovan and co-
workers noted less initial transpyloric flow and slower gastric
emptying of liquids in older subjects compared with younger

subjects, a finding similar to the slowed gastric emptying of
liquids noted in aged rats.!?%!2! Moore and coworkers and
Kao and coworkers also noted prolonged gastric emptying of
liquids with age, although the groups found no age-associ-
ated delay in the emptying of solids from the stomach.!?2123
Other studies have shown gastric emptying of both liquids
and solids to be statistically significantly slower in older in-
dividuals as compared with younger individuals.!?%126

Of note, Horowitz and coworkers question the clinical
significance of this slowed gastric emptying since the abso-
lute difference between the emptying times of many young
and old subjects is relatively small.}?* Also, despite the re-
ported delay in gastric emptying, many have found no signif-
icant difference in whole-gut transit time between younger
and older subjects.!?>!2¢ Although the above discussion
demonstrates that studies of gastric function largely rely on
measures of gastric emptying to determine gastric function,
Linke and coworkers contend that gastric peristalsis is a more
sensitive measure of gastric function than is emptying.'?” To
the extent that myenteric neuron count may influence such
peristalsis, the fact that myenteric neuron count in the stom-
ach of rats remains stable through most of adulthood but
decreases in old age may contribute to any changes noted in
this marker of gastric function.!'?8

The preponderance of the aforementioned research sug-
gests that gastric function should at best remain unchanged
with age if it does not in fact decrease. As such, the maximum
normal gastroesophageal SUV of 4.0 identified by Salaun and
coworkers in a population with a mean age of 57.4 years
should hold more-or-less true for adults of any age.!? At first
glance, our findings that show no statistically significant
change in gastric metabolic function agree with the assertion
that stomach function is stable with age. However, the non-
significant positive trend of both mean and maximum stom-
ach SUVs with age suggests either that some level of gastric
function thus far unevaluated by researchers may increase
with age, or that conditions commonly found in older indi-
viduals (eg, gastritis) may contribute to a slightly increased
gastric FDG uptake with age.

Small Bowel

In general, past research has found little clinically significant
change in small bowel function with age. Because researchers
have identified statistically significant differences in small
bowel function with age, the lack of clinically significant
change in small bowel function likely reflects the reserve
capacity of the organ. Some of the statistically significant
small bowel functional changes noted with age include the
finding by Goodlad and Wright that rat small intestinal ab-
sorption per unit length is maximal within the first few weeks
of life and then decreases.!*® Other researchers, using urinary
lactitol and mannitol recovery ratios, have demonstrated that
human intestinal permeability falls starting as early as the first
week of life and continues falling throughout child-
hood.!3!132 Investigation of infants from a developing nation
suggested quite the opposite: the intestinal permeability of
the small bowel continually increases with age.!*> These con-
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trasting findings suggest that environment (ie, diet, infection,
etc) may impact certain aspects of small intestinal function.

Age-related changes in small bowel neuron and muscle
characteristics also have been widely studied, again with dif-
fering results. Small bowel myenteric neuron density displays
an inverse association with age. In studying rats, Phillips and
Powley noted that small bowel myenteric neuron density
decreases linearly with age.!?® A similar age-associated de-
crease in small bowel myenteric neuron density was noted in
children and adults, with the largest diminution noted in the
duodenum.'3*13 The propagation velocity of migrating mo-
tor complexes also slows, although the amplitude and fre-
quency remain unchanged, with age.!*¢ Although Anuras
and Sutherland found no such age-associated differences in
propagation velocity during the migrating motor complex
when fasting, they did note an age-associated reduction in
contraction frequency after the subjects ingested a meal.!3’
Smits and Lefebvre, although noting similar cholinergic lon-
gitudinal muscle contraction in response to electrical stimu-
lation in young and aged rat ileum, found longitudinal mus-
cle from the ilea of aged rats to relax somewhat less
substantially than that of younger rats.!*® Despite these re-
ported reductions in intestinal function with age, Madsen
and Smits and Lefebvre noted no difference in small bowel
transit times with age in humans and rats, respectively,
whereas Graff and coworkers identified a significant in-
verse association between age and small bowel transit
[imeSIHS,H(),lZ]

The current study agrees with this latter investigation in
finding a statistically significant, although not necessarily
clinically significant, decrease in small bowel functional ac-
tivity in adults with age. The decreased intestinal absorption
noted with increasing age is also in line with the current
study’s results that intestinal metabolism diminishes with
age. Perhaps some or all of the diminution of metabolic ac-
tivity noted in the current study may also be secondary to the
age-associated decrease in intestinal myenteric neuron den-
sity noted by other researchers and the possible impact of
that neuron loss on intestinal muscle function. The increase
in maximum overall small bowel and colon FDG uptake with
age noted in the children included in the current study may
suggest that such neuronal losses and secondary muscular
dysfunction generally do not begin until adulthood. Indeed,
the small bowel and colon of children appear to become more
metabolically active with age.

Colon and Rectum

Researchers focusing their efforts further distally in the gas-
trointestinal tract have identified a variety of changes in co-
lonic and rectal function associated with aging. As in the
small bowel, the total number of colonic myenteric neurons
decreases with age in rats and in children, particularly during
the first 4 years of a child’s life.1>*13° Hanani and coworkers,
while noting an increase in the surface area of myenteric
ganglia with age, found that the proportion of ganglia with
cavities and other structural abnormalities increases with
age.'*° Gomes and coworkers, commenting on an additional

alteration in myenteric ganglia with age, identified a positive
association between age and collagen content within myen-
teric ganglia.!3°

These changes in colonic innervation may impact colonic
motility, as may age-related changes in colonic musculature.
Infants and young children have more frequent high ampli-
tude propagating contractions than do older children, possi-
bly contributing to young children’s increased number of
bowel movements relative to older children’s bowel habits.!*!
Although taenia coli continue to grow into old age and thus
could continue to contribute to colonic motility, taenia coli
intramuscular collagen levels increase and capillary density
relative to muscle volume decreases with age, possibly im-
pacting motility.!*? Smits and Lefebvre noted an overall de-
crease in rat fecal mass with age, and McDougal and cowork-
ers found colonic transit to slow in older rats compare with
younger animals.!?!1*3 This slowed colonic transit has been
found to affect aging humans as well.!'8119 Even so, Graff and
coworkers, found no change in male colonic transit times
with age, and Loening-Baucke and Anuras found no age-
associated change in sigmoidal, rectosigmoidal, and rectal
motility."1% 1% What is more, Lopes and coworkers, found
that colonic smooth muscle from aged rats in fact contracts
more vigorously in response to muscarinic stimulation than
does muscle from younger animals.!*

Additional controversy surrounds changes in the sigmoid
colon and rectum with age. Orr and Chen assert that sigmoid
function remains essentially intact with age.!*¢ Although
some researchers have agreed, noting no differences between
young and elderly with regard to sigmoid, and also rectal,
wall elasticity and sensation, others have noted an age-asso-
ciated decrease in colonic and rectal volume and an increase
in the pressure needed to produce the sensation of rectal
filling. 1#+147.148 The colonic wall as a whole also changes with
age, with increasing collagen fibril diameter through maturity
and overall wall thickness into the third decade.*:15° Then,
with further aging, human colonic wall demonstrates de-
creasing collagen fibril diameter, particularly in the left co-
lon, and thus decreasing distal colonic tensile strength from
high levels seen in infancy.!*7-149:151 The collagen fibrils of the
left colon also become more tightly packed and cross-linked
with age, reducing the elasticity of the walls.!>1152 This di-
minished elasticity and expandability, along with a decreased
inner colon diameter, contribute to the formation of colonic
diverticula in older individuals.!*7-152 Taken together, these
age-associated changes may contribute to the relatively high
prevalence of other gastrointestinal complaints (eg, chronic
constipation and fecal incontinence) noted by Talley and
coworkers within the elderly population.’>3

Perhaps the relative age-associated increase in collagen
content within both colonic myenteric ganglia and taenia coli
contributes to the downward trend in metabolic activity of
the distal colon and rectum noted in the current study. The
upward trend in ascending colon SUV with age may suggest
that either an etiology other than collagen replacement is in
fact responsible for altering colonic and rectal metabolic ac-
tivity, or that, with age, collagen deposition is preferentially
directed toward the distal colon and rectum and away from
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the ascending colon. Also, the impact of diverticulosis on
colonic metabolic activity cannot be determined in the cur-
rent study given the exclusion of subjects with significant
diverticulosis from the study.

Conclusion

With the size of the aged population in the United States
expected to grow considerably during the next several de-
cades, the number of radiographic and scintigraphic studies
to be performed on aged individuals will similarly increase.
As such, understanding of the normal age-related changes in
structure and function of the abdominal organs is important.
In presenting our retrospectively obtained quantitative CT
and FDG-PET data and literature review, we sought not only
to investigate age-associated changes in normal abdominal
organ size, attenuation, and metabolic function to serve as a
baseline for future clinical or research investigation but also
to demonstrate some basic methodological approaches to
perform such quantitative assessments, and to present some
points of interest that will hopefully be addressed in future
research endeavors. As such, we hope that this article will be
useful as a starting point for others involved in research and
clinical work related to abdominal organ structure and func-
tion.

References

1. Dang TT, Antolin P, Oxley H: Fiscal Implications of Ageing: Projec-
tions of Age-related Spending: OECD, 2001
2. Tietz NW, Shuey DF, Wekstein DR: Laboratory values in fit aging
individuals—sexagenarians through centenarians. Clin Chem 38:
1167-1185, 1992
3. Heymsfield SB, Fulenwider T, Nordlinger B, et al M: Accurate mea-
surement of liver, kidney, and spleen volume and mass by computer-
ized axial tomography. Ann Intern Med 90:185-187, 1979
4. Urata K, Kawasaki S, Matsunami H, et al: Calculation of child and
adult standard liver volume for liver transplantation. Hepatology 21:
1317-1321, 1995
5. Geraghty EM, Boone JM, McGahan JP, et al: Normal organ volume
assessment from abdominal CT. Abdom Imaging 29:482-490, 2004
6. Jackowski C, Thali MJ, Buck U, et al: Noninvasive estimation of organ
weights by postmortem magnetic resonance imaging and multislice
computed tomography. Invest Radiol 41:572-578, 2006
7. Rubin RT, Phillips JJ: Adrenal gland volume determination by com-
puted tomography and magnetic resonance imaging in normal sub-
jects. Invest Radiol 26:465-469, 1991
8. Lee YR, Lee KB: Reliability of magnetic resonance imaging for mea-
suring the volumetric indices in autosomal-dominant polycystic kid-
ney disease: Correlation with hypertension and renal function.
Nephron Clin Pract 103:¢173-¢180, 2006
9. Wynne HA, Cope LH, Mutch E, et al: The effect of age upon liver
volume and apparent liver blood flow in healthy man. Hepatology
9:297-301, 1989
10. Zoli M, Magalotti D, Bianchi G, et al: Total and functional hepatic
blood flow decrease in parallel with ageing. Age Ageing 28:29-33,
1999
11. Kampmann JP, Sinding J, Moller-Jorgensen I: Effect of age on liver
function. Geriatrics 30:91-95, 1975
12. Einarsson K, Nilsell K, Leijd B, et al: Influence of age on secretion of
cholesterol and synthesis of bile acids by the liver. N Engl ] Med
313:277-282, 1985
13. Schmucker DL, Gilbert R, Jones AL, et al: Effect of aging on the
hepatobiliary transport of dimeric immunoglobulin A in the male
Fischer rat. Gastroenterology 88:436-443, 1985

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

38.

Markisz JA, Treves ST, Davis RT: Normal hepatic and splenic size in
children: Scintigraphic determination. Pediatr Radiol 17:273-276,
1987

Wakabayashi H, Nishiyama Y, Ushiyama T, et al: Evaluation of the
effect of age on functioning hepatocyte mass and liver blood flow
using liver scintigraphy in preoperative estimations for surgical pa-
tients: Comparison with CT volumetry. J Surg Res 106:246-253, 2002
Konus OL, Ozdemir A, Akkaya A, et al: Normal liver, spleen, and
kidney dimensions in neonates, infants, and children: Evaluation with
sonography. AJR Am J Roentgenol 171:1693-1698, 1998

Johnson TN, Tucker GT, Tanner MS, et al: Changes in liver volume
from birth to adulthood: a meta-analysis. Liver Transpl 11:1481-
1493, 2005

Chan SC, Liu CL, Lo CM, et al: Estimating liver weight of adults by
body weight and gender. World J Gastroenterol 12:2217-2222, 2006
Zeeh J, Platt D: The aging liver: Structural and functional changes and
their consequences for drug treatment in old age. Gerontology 48:
121-127, 2002

Marchesini G, Bua V, Brunori A, et al: Galactose elimination capacity
and liver volume in aging man. Hepatology 8:1079-1083, 1988
Fabbri A, Marchesini G, Bianchi G, et al: Kinetics of hepatic amino-
nitrogen conversion in ageing man. Liver 14:288-294, 1994
Niederau C, Sonnenberg A, Muller JE, et al: Sonographic measure-
ments of the normal liver, spleen, pancreas, and portal vein. Radiology
149:537-540, 1983

Vauthey JN, Abdalla EK, Doherty DA, et al: Body surface area and
body weight predict total liver volume in Western adults. Liver
Transpl 8:233-240, 2002

Watanabe T, Tanaka Y: Age-related alterations in the size of human
hepatocytes. A study of mononuclear and binucleate cells. Virchows
Arch B Cell Pathol Incl Mol Pathol 39:9-20, 1982

Tauchi H, Sato T: Age changes in size and number of mitochondria of
human hepatic cells. ] Gerontol 23:454-461, 1968

Marchesini G, Bianchi GP, Fabbri A, et al: Synthesis of urea after a
protein-rich meal in normal man in relation to ageing. Age Ageing
19:4-10, 1990

Ryu SW, Woo JH, Kim YH, et al: Downregulation of protein kinase
CKII is associated with cellular senescence. FEBS Lett 580:988-994,
2006

Muller-Hocker J, Aust D, Rohrbach H, et al: Defects of the respiratory
chain in the normal human liver and in cirrhosis during aging. Hepa-
tology 26:709-719, 1997

Sastre J, Pallardo FV, Vina J: The role of mitochondrial oxidative stress
in aging. Free Radic Biol Med 35:1-8, 2003

Tanikawa K, Torimura T: Studies on oxidative stress in liver diseases:
Important future trends in liver research. Med Mol Morphol 39:22-
27,2006

Grasedyck K, Jahnke M, Friedrich O, et al: Aging of liver: Morpholog-
ical and biochemical changes. Mech Ageing Dev 14:435-442, 1980
Schmucker DL, Wang RK: Age-dependent alterations in rat liver mi-
crosomal NADPH-cytochrome ¢ (P-450) reductase: A qualitative and
quantitative analysis. Mech Ageing Dev 21:137-156, 1983
Woodhouse KW, Mutch E, Williams FM, et al: The effect of age on
pathways of drug metabolism in human liver. Age Ageing 13:328-
334, 1984

Arora S, Kassarjian Z, Krasinski SD, et al: Effect of age on tests of
intestinal and hepatic function in healthy humans. Gastroenterology
96:1560-1565, 1989

Schmucker DL, Woodhouse KW, Wang RK, et al: Effects of age and
gender on in vitro properties of human liver microsomal monooxy-
genases. Clin Pharmacol Ther 48:365-374, 1990

Handler JA, Genell CA, Goldstein RS: Hepatobiliary function in se-
nescent male Sprague-Dawley rats. Hepatology 19:1496-1503, 1994
Sastre J, Pallardo FV, Pla R, et al: Aging of the liver: age-associated
mitochondrial damage in intact hepatocytes. Hepatology 24:1199-
1205, 1996

Mosoni L, Patureau Mirand P, Houlier ML, Arnal M: Age-related
changes in protein synthesis measured in vivo in rat liver and gastroc-
nemius muscle. Mech Ageing Dev 68:209-220, 1993



170

J.M. Meier et al

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Mosoni L, Valluy MC, Serrurier B, et al: Altered response of protein
synthesis to nutritional state and endurance training in old rats. Am J
Physiol 268:E328-E335, 1995

Bezerra AS, D’Ippolito G, Faintuch S, et al: Determination of spleno-
megaly by CT: Is there a place for a single measurement? AJR Am J
Roentgenol 184:1510-1513, 2005

Megremis SD, Vlachonikolis IG, Tsilimigaki AM: Spleen length in
childhood with US: Normal values based on age, sex, and somatomet-
ric parameters. Radiology 231:129-134, 2004

Loftus WK, Metreweli C: Normal splenic size in a Chinese population.
J Ultrasound Med 16:345-347, 1997

Rodrigues CJ, Sacchetti JC, Rodrigues AJ Jr: Age-related changes in the
elastic fiber network of the human splenic capsule. Lymphology 32:
64-69, 1999

Kaneko J, Sugawara Y, Matsui Y, et al: Normal splenic volume in
adults by computed tomography. Hepatogastroenterology 49:1726-
1727,2002

Markus HS, Toghill PJ: Impaired splenic function in elderly people.
Age Ageing 20:287-290, 1991

Ravaglia G, Forti P, Biagi F, et al: Splenic function in old age. Geron-
tology 44:91-94, 1998

Zidan M, Kassem A, Pabst R: Megakaryocytes and platelets in the
spleen of the dromedary camel (Camelus dromedarius). Anat Histol
Embryol 29:221-224, 2000

Chinnaiyan AM, O’'Rourke K, Yu GL, et al: Signal transduction by
DR3, a death domain-containing receptor related to TNFR-1 and
CD95. Science 274:990-992, 1996

Itzhaki O, Skutelsky E, Kaptzan T, et al: Ageing-apoptosis relation in
murine spleen. Mech Ageing Dev 124:999-1012, 2003

Anand BS, Vij JC, Mac HS, et al: Effect of aging on the pancreatic
ducts: A study based on endoscopic retrograde pancreatography. Gas-
trointest Endosc 35:210-213, 1989

Gilbeau JP, Poncelet V, Libon E, et al: The density, contour, and
thickness of the pancreas in diabetics: CT findings in 57 patients. AJR
Am ] Roentgenol 159:527-531, 1992

Migdalis IN, Voudouris G, Kalogeropoulou K, et al: Size of the pan-
creas in non-insulin-dependent diabetic patients. ] Med 22:179-186,
1991

Tsushima Y, Kusano S: Age-dependent decline in parenchymal per-
fusion in the normal human pancreas: Measurement by dynamic com-
puted tomography. Pancreas 17:148-152, 1998

Glaser J, Stienecker K: Does aging influence pancreatic response in the
ultrasound secretin test by impairing hydrokinetic exocrine function
or sphincter of Oddi motor function? Dig Liver Dis 32:25-28, 2000
Gullo L, Ventrucci M, Naldoni P, et al: Aging and exocrine pancreatic
function. ] Am Geriatr Soc 34:790-792, 1986

Vellas B, Balas D, Moreau J, et al: Exocrine pancreatic secretion in the
elderly. Int J Pancreatol 3:497-502, 1988

Laugier R, Bernard JP, Berthezene P, et al: Changes in pancreatic
exocrine secretion with age: Pancreatic exocrine secretion does de-
crease in the elderly. Digestion 50:202-211, 1991

Ball GD, Huang TT, Gower BA, et al: Longitudinal changes in insulin
sensitivity, insulin secretion, and beta-cell function during puberty.
J Pediatr 148:16-22, 2006

Utzschneider KM, Carr DB, Hull RL, et al: Impact of intra-abdominal
fat and age on insulin sensitivity and beta-cell function. Diabetes
53:2867-2872, 2004

Kahn SE, Larson VG, Schwartz RS, et al: Exercise training delineates
the importance of B-cell dysfunction to the glucose intolerance of
human aging. J Clin Endocrinol Metab 74:1336-1342, 1992

Thm SH, Matsumoto I, Sawada T, et al: Effect of donor age on function
of isolated human islets. Diabetes 55:1361-1368, 2006

Bourey RE, Kohrt WM, Kirwan JP, et al: Relationship between glucose
tolerance and glucose-stimulated insulin response in 65-year-olds.
J Gerontol 48:M122-M127, 1993

Gumbiner B, Polonsky KS, Beltz WF, et al: Effects of aging on insulin
secretion. Diabetes 38:1549-1556, 1989

Hauffa BP, Menzel D, Stolecke H: Age-related changes in adrenal size
during the first year of life in normal newborns, infants and patients

65.

60.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

with congenital adrenal hyperplasia due to 21-hydroxylase deficiency:
Comparison of ultrasound and hormonal parameters. Eur J Pediatr
148:43-49, 1988

Reaven E, Kostrna M, Ramachandran ], et al: Structure and function
changes in rat adrenal glands during aging. Am J Physiol 255:E903-
E911, 1988

Hornsby PJ: Aging of the human adrenal cortex. Ageing Res Rev
1:229-242,2002

Lashansky G, Saenger P, Fishman K, et al: Normative data for adrenal
steroidogenesis in a healthy pediatric population: Age- and sex-related
changes after adrenocorticotropin stimulation. J Clin Endocrinol
Metab 73:674-686, 1991

Roberts NA, Barton RN, Horan MA: Ageing and the sensitivity of the
adrenal gland to physiological doses of ACTH in man. ] Endocrinol
126:507-513, 1990

Belloni AS, Rebuffat P, Malendowicz LK, et al: Age-related changes in
the morphology and function of the zona glomerulosa of the rat ad-
renal cortex. Tissue Cell 24:835-842, 1992

Pignatelli D, Pinto P, Magalhaes MM, et al: The development of the
adrenal gland zona glomerulosa in the rat. A morphological, immu-
nohistochemical and biochemical study. Mol Cell Endocrinol 140:
163-168, 1998

Orentreich N, Brind JL, Vogelman JH, et al: Long-term longitudinal
measurements of plasma dehydroepiandrosterone sulfate in normal
men. ] Clin Endocrinol Metab 75:1002-1004, 1992

Ravaglia G, Forti P, Maioli F, et al: The relationship of dehydroepi-
androsterone sulfate (DHEAS) to endocrine-metabolic parameters
and functional status in the oldest-old. Results from an Italian study
on healthy free-living over-ninety-year-olds. J Clin Endocrinol Metab
81:1173-1178, 1996

Seals DR, Esler MD: Human ageing and the sympathoadrenal system.
J Physiol 528:407-417, 2000

Mabry TR, Gold PE, McCarty R: Age-related changes in plasma cate-
cholamine responses to chronic intermittent stress. Physiol Behav
58:49-56, 1995

Parker CR, Jr., Slayden SM, Azziz R, et al: Effects of aging on adrenal
function in the human: responsiveness and sensitivity of adrenal an-
drogens and cortisol to adrenocorticotropin in premenopausal and
postmenopausal women. J Clin Endocrinol Metab 85:48-54, 2000
Han BK, Babcock DS: Sonographic measurements and appearance of
normal kidneys in children. AJR Am J Roentgenol 145:611-616, 1985
Dinkel E, Ertel M, Dittrich M, et al: Kidney size in childhood. Sono-
graphical growth charts for kidney length and volume. Pediatr Radiol
15:38-43, 1985

McLachlan M, Wasserman P: Changes in sizes and distensibility of the
aging kidney. Br ] Radiol 54:488-491, 1981

Emamian SA, Nielsen MB, Pedersen JF, et al: Kidney dimensions at
sonography: Correlation with age, sex, and habitus in 665 adult vol-
unteers. AJR Am J Roentgenol 160:83-86, 1993

Gourtsoyiannis N, Prassopoulos P, Cavouras D, et al: The thickness of
the renal parenchyma decreases with age: A CT study of 360 patients.
AJR Am ] Roentgenol 155:541-544, 1990

Daly MJ, Milutinovic J, Rudd TG, et al: The normal 99mTc-DMSA
renal image. Radiology 128:701-704, 1978

Brandt TD, Neiman HL, Dragowski M, et al: Ultrasound assessment
of normal renal dimensions. ] Ultrasound Med 1:49-52, 1982
Okoye 1J, Agwu KK, Idigo FU: Normal sonographic renal length in
adult southeast Nigerians. Afr ] Med Med Sci 34:129-131, 2005
Spitzer A: Twenty-one years of developmental nephrology: The kid-
ney then and now. Pediatr Nephrol 18:165-173, 2003

Epstein M: Aging and the kidney. ] Am Soc Nephrol 7:1106-1122,
1996

Hollenberg NK, Rivera A, Meinking T, et al: Age, renal perfusion and
function in island-dwelling indigenous Kuna Amerinds of Panama.
Nephron 82:131-138, 1999

Fliser D, Zeier M, Nowack R, et al: Renal functional reserve in healthy
elderly subjects. ] Am Soc Nephrol 3:1371-1377, 1993



Age-related changes in abdominal organ structure and function

m

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Luippold G, Pech B, Schneider S, et al: Age dependency of renal
function in CD-1 mice. Am J Physiol Renal Physiol 282:F886-F890,
2002

Boyd RA, Turck D, Abel RB, et al: Effects of age and gender on single-
dose pharmacokinetics of gabapentin. Epilepsia 40:474-479, 1999
Lin J, Knight EL, Hogan ML, et al: A comparison of prediction equa-
tions for estimating glomerular filtration rate in adults without kidney
disease. ] Am Soc Nephrol 14:2573-2580, 2003

Lim WH, Lim EM, McDonald S: Lean body mass-adjusted Cockeroft
and Gault formula improves the estimation of glomerular filtration
rate in subjects with normal-range serum creatinine. Nephrology
(Carlton) 11:250-256, 2006

Manttari M, Tiula E, Alikoski T, et al: Effects of hypertension and
dyslipidemia on the decline in renal function. Hypertension 26:670-
675, 1995

Bleyer AJ, Shemanski LR, Burke GL, et al: Tobacco, hypertension, and
vascular disease: risk factors for renal functional decline in an older
population. Kidney Int 57:2072-2079, 2000

Bax L, van der Graaf Y, Rabelink AJ, et al: Influence of atherosclerosis
on age-related changes in renal size and function. Eur J Clin Invest
33:34-40, 2003

Melk A, Mansfield ES, Hsieh SC, et al: Transcriptional analysis of the
molecular basis of human kidney aging using cDNA microarray pro-
filing. Kidney Int 68:2667-2679, 2005

Moriguchi J, Ezaki T, Tsukahara T, et al: Effects of aging on cadmium
and tubular dysfunction markers in urine from adult women in non-
polluted areas. Int Arch Occup Environ Health 78:446-451, 2005
Thomas SE, Anderson S, Gordon KL, et al: Tubulointerstitial disease
in aging: evidence for underlying peritubular capillary damage, a po-
tential role for renal ischemia. ] Am Soc Nephrol 9:231-242, 1998
Goyal VK: Changes with age in the human kidney. Exp Gerontol
17:321-331, 1982

Fardoun RZ, Asghar M, Lokhandwala M: Role of oxidative stress in
defective renal dopamine D1 receptor-G protein coupling and func-
tion in old Fischer 344 rats. Am J Physiol Renal Physiol 291:F945-
F951, 2006

Jiang T, Liebman SE, Lucia MS, et al: Role of altered renal lipid me-
tabolism and the sterol regulatory element binding proteins in the
pathogenesis of age-related renal disease. Kidney Int 68:2608-2620,
2005

Schmalfuss IM, Mancuso AA, Tart RP: Postcricoid region and cervical
esophagus: Normal appearance at CT and MR imaging. Radiology
214:237-246, 2000

Omari T, Snel A, Barnett C, et al: Measurement of upper esophageal
sphincter tone and relaxation during swallowing in premature infants.
Am ] Physiol 277:G862-G866, 1999

Jadcherla SR, Duong HQ, Hofmann C, et al: Characteristics of upper
oesophageal sphincter and oesophageal body during maturation in
healthy human neonates compared with adults. Neurogastroenterol
Motil 17:663-670, 2005

Fulp SR, Dalton CB, Castell JA, et al: Aging-related alterations in
human upper esophageal sphincter function. Am J Gastroenterol 85:
1569-1572, 1990

Grande L, Lacima G, Ros E, et al: Deterioration of esophageal motility
with age: A manometric study of 79 healthy subjects. Am ] Gastroen-
terol 94:1795-1801, 1999

Ren J, Shaker R, Kusano M, et al: Effect of aging on the secondary
esophageal peristalsis: Presbyesophagus revisited. Am J Physiol 268:
G772-779, 1995

Hollis JB, Castell DO: Esophageal function in elderly man. A new look
at “presbyesophagus”. Ann Intern Med 80:371-374, 1974

Eckardt VF, LeCompte PM: Esophageal ganglia and smooth muscle in
the elderly. Am J Dig Dis 23:443-448, 1978

Meciano Filho J, Carvalho VC, de Souza RR: Nerve cell loss in the
myenteric plexus of the human esophagus in relation to age: A pre-
liminary investigation. Gerontology 41:18-21, 1995

Taha AS, Angerson W, Nakshabendi I, et al: Gastric and duodenal
mucosal blood flow in patients receiving non-steroidal anti-inflamma-

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

tory drugs—influence of age, smoking, ulceration and Helicobacter
pylori. Aliment Pharmacol Ther 7:41-45, 1993

Lee M: Age-related changes in gastric blood flow in rats. Gerontology
42:289-293, 1996

Feldman M, Cryer B, McArthur KE, et al: Effects of aging and gastritis
on gastric acid and pepsin secretion in humans: A prospective study.
Gastroenterology 110:1043-1052, 1996

Farinati F, Formentini S, Della Libera G, et al: Changes in parietal and
mucous cell mass in the gastric mucosa of normal subjects with age: a
morphometric study. Gerontology 39:146-151, 1993

Vogiagis D, Glare EM, Misajon A, et al: Cyclooxygenase-1 and an
alternatively spliced mRNA in the rat stomach: Effects of aging and
ulcers. Am J Physiol Gastrointest Liver Physiol 278:G820-G827, 2000
Cryer B, Lee E, Feldman M: Factors influencing gastroduodenal mu-
cosal prostaglandin concentrations: Roles of smoking and aging. Ann
Intern Med 116:636-640, 1992

Cryer B, Redfern JS, Goldschmiedt M, et al: Effect of aging on gastric
and duodenal mucosal prostaglandin concentrations in humans. Gas-
troenterology 102:1118-1123, 1992

Goto H, Sugiyama S, Ohara A, et al: Age-associated decreases in pros-
taglandin contents in human gastric mucosa. Biochem Biophys Res
Commun 186:1443-1448, 1992

Madsen JL: Effects of gender, age, and body mass index on gastroin-
testinal transit times. Dig Dis Sci 37:1548-1553, 1992

Graff J, Brinch K, Madsen JL: Gastrointestinal mean transit times in
young and middle-aged healthy subjects. Clin Physiol 21:253-259,
2001

O’Donovan D, Hausken T, Lei Y, et al: Effect of aging on transpyloric
flow, gastric emptying, and intragastric distribution in healthy hu-
mans—impact on glycemia. Dig Dis Sci 50:671-676, 2005

Smits GJ, Lefebvre RA: Influence of aging on gastric emptying of
liquids, small intestine transit, and fecal output in rats. Exp Gerontol
31:589-596, 1996

Moore ]G, Tweedy C, Christian PE, et al: Effect of age on gastric
emptying of liquid—solid meals in man. Dig Dis Sci 28:340-344,
1983

Kao CH, Lai TL, Wang SJ, et al: Influence of age on gastric emptying in
healthy Chinese. Clin Nucl Med 19:401-404, 1994

Horowitz M, Maddern GJ, Chatterton BE, et al: Changes in gastric
emptying rates with age. Clin Sci (Lond) 67:213-218, 1984
Wegener M, Borsch G, Schaffstein J, et al: Effect of ageing on the
gastro-intestinal transit of a lactulose-supplemented mixed solid-lig-
uid meal in humans. Digestion 39:40-46, 1988

Brogna A, Ferrara R, Bucceri AM, et al: Influence of aging on gastro-
intestinal transit time. An ultrasonographic and radiologic study. In-
vest Radiol 34:357-359, 1999

Linke R, Muenzing W, Tatsch K: Is normal gastric emptying a predic-
tor of normal gastric function? Nuklearmedizin 44:81-85, 2005
Phillips RJ, Powley TL: As the gut ages: Timetables for aging of inner-
vation vary by organ in the Fischer 344 rat. ] Comp Neurol 434:358-
377,2001

Salaun PY, Grewal RK, Dodamane I, et al: An analysis of the 18F-FDG
uptake pattern in the stomach. J Nucl Med 46:48-51, 2005

Goodlad RA, Wright NA: Changes in intestinal cell proliferation, ab-
sorptive capacity and structure in young, adult and old rats. ] Anat
173:109-118, 1990

Catassi C, Bonucci A, Coppa GV, et al: Intestinal permeability changes
during the first month: Effect of natural versus artificial feeding. J Pe-
diatr Gastroenterol Nutr 21:383-386, 1995

Kalach N, Rocchiccioli F, de Boissieu D, et al: Intestinal permeability
in children: variation with age and reliability in the diagnosis of cow’s
milk allergy. Acta Paediatr 90:499-504, 2001

Goto K, Chew F, Torun B, et al: Epidemiology of altered intestinal
permeability to lactulose and mannitol in Guatemalan infants. J Pedi-
atr Gastroenterol Nutr 28:282-290, 1999

Wester T, O'Briain DS, Puri P: Notable postnatal alterations in the
myenteric plexus of normal human bowel. Gut 44:666-674, 1999



172

J.M. Meier et al

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

de Souza RR, Moratelli HB, Borges N, et al: Age-induced nerve cell loss
in the myenteric plexus of the small intestine in man. Gerontology
39:183-188, 1993

Husebye E, Engedal K: The patterns of motility are maintained in the
human small intestine throughout the process of aging. Scand J Gas-
troenterol 27:397-404, 1992

Anuras S, Sutherland J: Small intestinal manometry in healthy elderly
subjects. ] Am Geriatr Soc 32:581-583, 1984

Smits GJ, Lefebvre RA: Influence of age on cholinergic and inhibitory
nonadrenergic noncholinergic responses in the rat ileum. Eur J Phar-
macol 303:79-86, 1996

Gomes OA, de Souza RR, Liberti EA: A preliminary investigation of
the effects of aging on the nerve cell number in the myenteric ganglia
of the human colon. Gerontology 43:210-217, 1997

Hanani M, Fellig Y, Udassin R, et al: Age-related changes in the mor-
phology of the myenteric plexus of the human colon. Auton Neurosci
113:71-78, 2004

Di Lorenzo C, Flores AF, Hyman PE: Age-related changes in colon
motility. J Pediatr 127:593-596, 1995

Gabella G: Development and ageing of intestinal musculature
and nerves: The guinea-pig taenia coli. ] Neurocytol 30:733-766,
2001

McDougal JN, Miller MS, Burks TF, et al: Age-related changes in
colonic function in rats. Am J Physiol 247:G542-G546, 1984
Loening-Baucke V, Anuras S: Sigmoidal and rectal motility in healthy
elderly. J Am Geriatr Soc 32:887-891, 1984

145.

146.

147.

148.

149.

150.

151.

152.

153.

Lopes GS, Ferreira AT, Oshiro ME, et al: Aging-related changes of
intracellular Ca®* stores and contractile response of intestinal smooth
muscle. Exp Gerontol 41:55-62, 2006

Orr WC, Chen CL: Aging and neural control of the GI tract: IV.
Clinical and physiological aspects of gastrointestinal motility and ag-
ing. Am J Physiol Gastrointest Liver Physiol 283:G1226-G1231, 2002
Watters DA, Smith AN, Eastwood MA, et al: Mechanical properties of
the colon: Comparison of the features of the African and European
colon in vitro. Gut 26:384-392, 1985

Akervall S, Nordgren S, Fasth S, et al: The effects of age, gender, and
parity on rectoanal functions in adults. Scand ] Gastroenterol 25:
1247-1256, 1990

Parry DA, Barnes GR, Craig AS: A comparison of the size distribution
of collagen fibrils in connective tissues as a function of age and a
possible relation between fibril size distribution and mechanical prop-
erties. Proc R Soc Lond B Biol Sci 203:305-321, 1978

Haber HP, Stern M: Intestinal ultrasonography in children and young
adults: Bowel wall thickness is age dependent. ] Ultrasound Med
19:315-321, 2000

Thomson HJ, Busuttil A, Eastwood MA, et al: Submucosal collagen
changes in the normal colon and in diverticular disease. Int J Colo-
rectal Dis 2:208-213, 1987

Wess L, Eastwood MA, Wess TJ, et al: Cross linking of collagen is
increased in colonic diverticulosis. Gut 37:91-94, 1995

Talley NJ, O’Keefe EA, Zinsmeister AR, et al: Prevalence of gastroin-
testinal symptoms in the elderly: a population-based study. Gastro-
enterology 102:895-901, 1992



	Assessment of Age-Related Changes in Abdominal Organ Structure and Function With Computed Tomography and Positron Emission Tomography
	Materials and Methods
	FDG-PET and CT Sample Population and Image Data Acquisition
	Organ Volume Calculation Procedure
	FDG-PET Sample Population and Imaging Protocol
	Solid-Organ SUV Measurement From FDG-PET
	FDG-PET/CT Sample Population and Imaging Protocol
	Organ CT Attenuation Measurement From FDG-PET/CT
	Organ SUV Measurement From FDG-PET/CT
	Pediatric Bowel SUV Measurement From PET
	Subject Assessment of Approximate Lumbar Spinal Height From CT
	Data Analysis

	Results
	Discussion
	Liver
	Spleen
	Pancreas
	Adrenal Glands
	Kidneys
	Esophagus
	Stomach
	Small Bowel
	Colon and Rectum

	Conclusion
	References


