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The effects on the ultrasonic propagation properties of livers of the addition of 1% orotic acid
to rat diets were examined. In rats, dietary orotic acid exerts several effects on lipid
metabolism; its overall consequence is that excessively high hepatic fat concentrations are built
up over a short period of time, thus making this an ideal model to study the ultrasonic
propagation properties as a function of sequential development of fatty liver. Over a 16-day
period on the orotic acid diet, the supplemented rat liver lipid concentrations increased from a
normal range of 2%-4% to the lower 20’s%; hepatic water concentration decreased from a
normal value of approximately 70% to approximately 50%; total protein concentration
decreased slightly from a normal range of 17%-20% to 11%-16%; and rat liver weight
increased from approximately 11 g to around 20 g. Ultrasonic attenuation coefficient and speed
were assessed in liver tissue with the scanning laser acoustic microscope at 100 MHz. As
hepatic lipid increased, ultrasonic attenuation at 100 MHz increased temporally from a normal
range of 12-14 dB/mm to a maximum of 54 dB/mm and ultrasonic speed decreased from a
normal range of 1553-1584 m/s to a minimum of 1507 m/s. Multivariant linear regression was
used in the analysis of covariance to fit the least-squares estimates to the linear regression
model. Strong correlates of ultrasonic speed with both water concentration and fat

concentration in the liver were observed.

PACS numbers: 43.80.Cs, 43.80.Ev, 43.80.Jz

INTRODUCTION

Considerable insight has been gained into the mecha-
nisms responsible for the interaction of ultrasound in
aqueous solutions of biomolecules through ultrasonic spec-
troscopy, that is, the examination of these media as a func-
tion of state variables such as frequency and temperature
and as a function of media parameters such as concentra-
tion."? The same approach is now being applied to under-
stand how ultrasonic energy interacts with intact tissue.

It has been known for three decades that the ultrasonic
propagation properties, particularly the attenuation coeffi-
cient, of biological materials are strongly affected at the ma-
cromolecular level.> Four tissue constituents that are of
particular importance acoustically are water, protein, colla-
gen, and fat. A comparison of ultrasonic absorption, attenu-
ation, and speed to the concentrations of these tissue con-
stituents has suggested that the ultrasonic propagation
properties of tissue can be modeled as functions of the con-
stituent concentrations.®’

Fat has long been thought to possess an ultrasonic at-
tenuation that might be slightly lower but not unlike that of
many of the parenchymal tissues. Therefore, fat concentra-

“tion has not received serious consideration to be an impor-
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tant tissue constituent for characterizing tissues using ultra-
sound. However, fat does have an ultrasonic speed some 50~
100 m/s less than most other soft tissues, and there is evi-
dence to suggest that in subcutaneous fat, in particular,
speed is as much as 300-600 m/s lower.® For these reasons,
we have begun to consider fat concentration as a possible
tissue characterizing quantity. Ultrasonic attenuation coef-
ficient and speed have previously been determined with the
scanning laser acoustic microscope (SLAM) in rat liverasa
function of dietary ethanol-induced fat changes (fat content
varied from 2.5% to 16.8% ).° The resulis showed that the
attenuation coefficient increased and the speed decreased as
the fat content increased. Also, the attenuation coefficient of
ncarly pure fat tissue (near rat abdominal wall) appeared to
have a value nearly four times greater than that of normal
liver tissue at 100 MHz, about 50 dB/mm.

The current study was conducted to evaluate the ultra-
sonic propagation properties in liver in which the fat concen-
tration increased excessively beyond normal limits, that is,
up to and exceeding 20%. It has been known for some time
that dietary orotic acid causes liver lipid accumulation in
rats.'®!! The orotic acid-induced fatty liver is apparently
unique to rats as the response has not been seen in other
species examined including mice, hamsters, Guinea pigs,
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chicks, rabbits, dogs, pigs, and monkeys.'' Thus the orotic
acid-fed rat is an ideal model for studying the ultrasonic
propagation properties as a function of fat accumulation in
liver. For completeness, total protein, hydroxyproline, and
water were also quantified and evaluated in terms of their
influence on the ultrasonic propagation properties at 100
MHz.

I. METHODS
A. Experimental protocol

Twenty-four female, ex-breeder, Sprague Dawley rats
(Harlan Sprague Dawley, Indianapolis, IN), ranging in
weight from 246 to 350 g, were fed lab blocks (Purina) for 5
days prior to commencing the study. Sixteen of the rats were
then placed on a 1% dietary orotic acid semipurified diet
(see Table I for diet). The other eight rats were fed the same
semi-purified diet without orotic acid. In the orotic acid diet,
1% of the starch was replaced by orotic acid. All animals
were kept individually in wire-bottomed cages in a room
controlled for temperature (20-22 °C) and light (from 8:00
a.m. to 8:00 p.m.). Water and diet were both available ad
libitum. Two orotic acid-fed rats and one control-fed rat
were killed on days 5, 6, 7, 8, 13, 14, 15, and 16 after feeding,
day 0 being defined as the time when the experimental diets
commenced.

On each kill day, three rats were anesthetized with an
overdose of ether. The livers were quickly removed,
weighed, and prepared for both biochemical and ultrasonic
analyses. Approximately one-half of the tissue was immedi-
ately frozen for biochemical analysis and the balance was
placed in normal saline at room temperature for ultrasonic
analysis.

B. Ultrasonic procedures

The ultrasonic attenuation coefficient and speed mea-
surement techniques have been reported in detail'>'* and
have been previously used by this laboratory to study frozen,
then thawed liver tissue.? All ultrasonic measurements in the
current study were made at room temperature (22°) within 3
h from the time the rat was killed.

TABLE I. Diet composition. Casein, mineral mix, and vitamin mix sup-
plied by Teklad Test Diets (Madison, W1), choline chloride by 1ICN Phar-
maceuticals (Cleveland, OH), and anhydrous orotic acid ( #0-2750) and
DL methionine by Sigma (5t. Louis, MO}.

1.09% Orotic acid Control
Ingredients (g/100 g) (g/100g)
casein (vitamin free) 20.00 20.00
DL methiomne 0.15 0.15
AIN 76 mineral mix 3.50 3.50
AIN 76 vitamin mix 100 1.00
choline chloride 0.20 0.20
com oil 5.00 5.00
corn starch 45.77 46.77
sucrose 21.38 23.38
orotic acid 1.00 0.00
100.00 100.00
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The ultrasonic attenuation coefficient measurement
technique'? utilized the insertion loss method, which in-
volved the comparison of the received signal amplitude with
and without specimen of known thickness in the sound path.
Four values of insertion loss were recorded for each of four
thicknesses from each sample. The slope of the insertion loss
versus thickness curve was determined by a least-squares
analysis to yield the attenuation coefficient at 100 MHz.

The speed measurement technique' utilized the
SLAM'’s interferometric mode, which provides the relative
phase change of the wave after it has propagated through the
specimen. The spatial frequency domain technique for deter-
mining ultrasonic speed yields approximately 35 values of
the specimen under examination on the microscope. A single
specimen’s recorded speed value at a single thickness is the
mean of these 35 values. These four mean speed values from
the four thicknesses are then averaged to yield the speed of
the specimen.

Based upon a separate study, the SLAM’s measurement
uncertainty was assessed with solutions of known acoustic
properties.'* This analysis yielded an accuracy of + 12%
and a precision of + 15% for the attenuation coefficient and

+2.9% and + 0.4% for speed, respectively.

C. Biochemistry procedures

To determine total liver lipid,'* liver samples (2-10 g)
were homogenized with deionized water in a Polytron ho-
mogenizer (Brinkmann Instruments, NY) for approximate-
ly one minute. Generally 8-10 g were pooled for analysis,
thus assuring a representative sample of liver. Two gram
samples were utilized in only a few of the early control liver
samples, which were uniform and low in fat. The polytron
was rinsed with deionized water and a total volume was ob-
tained to calculate a g/ml ratio of the homogenate. The poly-
tron was rinsed with chloroform:methanol (2:1, by volume)
between samples. Samples were analyzed in triplicate. A
small volume of homogenate (0.3-1.0 ml) was vortexed
with 15 ml of chloroform:methanol (2:1) and filtered
through Whatman #1 filter paper. After the sample was
allowed to filter, 3 ml 0f 0.29% NaCl was added and filtered.
Afterstirring the two phases together, the sample was centri-
fuged for 20 min at 1500 rpm; the water layer was aspirated
off and the sample was rinsed twice with 2-3 ml of 0.29%
NaCl. The lipid layer was transferred to a tared test tube and
the solvent dried off with a nitrogen evaporator (Organoma-
tion Assoc., Inc.) at 60 °C; the samples were left overnight in
a vacuum dessicator; the weight of the lipids was determined
gravimetrically. The percent lipid was calculated as follows:

wt. of lipid (g)
(m] homogenate)(g/ml)

analyzed ratio

lipid (%) = X100. (1)

For total protein determination,'® blanks, standards,
and samples were analyzed in duplicate. Bovine serum albu-
min containing 10 mg/ml served as a standard. Blanks con-
tained 1.0 ml of deionized water. Due to the high protein
content of the homogenates, the samples were diluted 1:10
with deionized water before assaying. To each tube contain-
ing varying amounts of standard and sample, the appropri-
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ate amount of deionized water was added. Four ml of biuret
reagent was then added to each tube. The contents of the
tubes were mixed with a Vortex mixer and allowed to stand
at room temperature for 30 min. Absorbance was measured
at 540 nm with a Beckman 250 spectrophotometer. Total
protein was calculated as follows:

mg protein = 20.181 (absorbance at 540 nm) — 1.14
(2)

and

M = (mg protein) X (dilution factor)
g liver
1 1

X X
(ml homogenate) (g/ml)

analyzed ratio

- 3

Hydroxyproline was measured by the modified assay of
Stegemann and Stadler.'”'® Liver homogenates were hydro-
lyzed for 4 h at 120 °C under pressure (22 psi) in an auto-
clave at a ratio of 10 mg of tissue (wet weight) to I mlof 6 M
HCI. The assay is based upon the standard addition tech-
nique. Following hydrolysis, the samples were dried in a
vacuum dessicator and diluted with a phosphate buffer.
Concentrations of 0, 1, 2, and 4 ug of hydroxyproline/ml
buffer were added to each of four 2-ml aliquots of sample. A
blank consisting of 3 ml of buffer was also prepared. One and
a half ml of 0.05 M chloramine-T solution was added to each
tube and allowed to react 20-25 min at room temperature.
Then, 1.5 ml of freshly prepared aldehydeperchloric acid
reagent was added to each tube and placed in a 60 °C water
bath for 15 min. The samples were read at 550 nm with a
Beckman 250 spectrophotometer within 3 h. A least-squares
regression analysis was performed. The point at which the
absorbance is zero is the concentration of hydroxyproline
due to the tissue. Corrections were then calculated for dilu-
tions and final concentration of mg hydroxyproline/100 g
tissue was obtained. Collagen concentration was estimated
by assuming collagen to be 12.5% hydroxyproline.'®

A small portion (0.20-0.55 g) of the liver was used to
determine water concentration gravimetrically. Samples
were assayed in duplicate. Samples were weighed, blotted
dry, minced, weighed, placed in a 90 °C oven, and dried for
24 h.

D. Statistical procedures

Treatment and control means were compared between
ultrasonic and biochemical measurements using the Statisti-
cal Analysis System.'® An analysis of covariance (AN-
COVA) was used to compare sample variances. Linear
regression was used in the ANCOVA procedure to fit the
least-squares estimates to the linear regression model. The
interaction between tissue constituents was evaluated from
the Pearson correlation coefficient p. Comparisons were
considered significant at the p <0.05 level.

Il. RESULTS AND DISCUSSION

Specimen selection site is a critical concern in biological
tissue studies. Thus every effort was made to minimize sam-
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pling variability in the current study. The fatty liver induc-
tion by orotic acid appeared visually to be uniform through-
out the liver. Photographic evidence (not shown) supported
a uniform and complete “whitening’ of the entire liver, sug-
gesting equal effects across the liver. Samples for acoustical
measurements were always taken from the same liver lobe
and same location in the lobe. Acoustical sample tissue was
repooled with the tissue to be used for lipid, protein, and
hydroxyproline analyses. Water content was performed on
fresh tissue. Personal communication with Dr. James L.
Robinson (Department of Animal Sciences, University of
Mllinois), who has extensive experience with feeding orotic
acid to a variety of animals, revealed that only when one
feeds levels of orotic acid at 0.2% or lower does one see a
“blotchy” liver, i.e., heterogeneous deposition of fat.

Table I1 lists the biochemical and ultrasonic properties
of livers as a function of treatment time from both orotic
acid-fed and control-fed rats. The female, ex-breeder rats
consuming control diet all gained body weight during the
feeding period. However, since animals of this age are essen-
tially full-grown, their rate of growth was small and varied
from rat to rat. Orotic acid-fed rats either gained less weight
or in three cases lost a few grams of weight during the test
period. The mean weight gain for control and orotic acid-fed
rats during the experiment was 17.6 + 9.1 gand 6.1 +- 6.9g,
respectively. Orotic acid-fed rats consumed less diet
(15.1 4 2.2 vs 16.7 + 2.5 g/day) thus contributing to the
difference in total body weight. The weight of the liver was
approximately 41% greater in the orotic acid treatment
group as compared to the controls.

Liver weight in the orotic acid-fed group was signifi-
cantly greater (41%) than controls (p <0.05). The mean
+ the standard deviation liver weight in the orotic acid
group was 17.1 + 2.3 g whereas that in the control group
was 12.1 + 0.9 g. There was no apparent statistically signifi-
cant increase in liver weight in the orotic acid treatment
group as a function of time on the diet. The majority of the
liver weight increase occurred between the time the animals
were initially placed on the diet and day 5, after which the
weight appeared to remain elevated compared to that of the
controls.

A. Ultrasonic propagation properties

The ultrasonic speed was consistently lower in the oro-
tic acid treatment group compared to the control. The mean
+ standard deviation ultrasonic speed for the control livers
was 1570 + 10 m/s. The ultrasonic speed of the orotic acid
treatment group showed a gradual decrease between days 5
and 8 and an apparent leveling off for days 13 through 16.
Considering only treatment days 13 through 16, the ultra-
sonic speed of the orotic acid treatment group was 3% lower
than that of the control group (1519 + 10m/s vs 1567 + 12
m/s).

The ultrasonic speed for the control livers agrees quite
well with most other studies.?®** The ultrasonic speed was
measured with the SLAM at room temperature in fresh
sheep and cat livers?® and in fresh rat liver*’ with respective
ultrasonic speeds of 1565, 1567, and 1577 m/s. These speed
values are also in excellent agreement with measurements in
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TABLE IL. Ultrasonic propagation and biochemical properties of livers from control-fed and orotic acid-fed rats as a function of time on their respective

diets.
Liver
ultrasonic Based on
Days Animal Liver attenuation % wet weight
on diet wt. (g)  Liver wt. ultrasonic coefficient
(DOD) gain (g) speed (m/s) (dB/mm) % Lipid %% Protein % H,0

Treatment: Control-fed
5 16.0 13.2 1563 120 + 0.8 29402 21.7 + 2.1 735+ 1.4
6 21.9 12.4 1567 13241.2 35+03 17.1+ 2.8 763422
7 12.3 11.9 1578 119+ 1.3 34 +07 17.5+ 03 729 + 0.7
8 13.8 109 1581 122409 Jo+073 16.6 + 0.3 75.04 1.0
13 20.6 13.0 1554 13.6 + 0.8 25403 185+ 09 713+ 08
14 12.5 10,7 1567 133408 J6+04 210+ 1.6 71.2400
15 36.6 124 1564 14.5 + 0.7 48+ 0.2 16.5+ 1.7 69.2 + 0.0
16 6.9 123 1584 13.5+ 0.6 39403 213+ 08 68.7+0.3

Treatment: Orotic acid-fed
5 1.0 16.8 1560 121 + 0.7 135 +04 1.6 + 0.4 65.1+ 38
5 12.0 15.0 1549 154+ 1.0 12.7 + 0.4 125+ 0.6 704+ 1.0
6 6.1 15.5 1549 206+ 0.9 148 +0.2 14,5 + 0.6 62.6 + 0.4
6 11.8 153 1538 2294 1.2 150+ 1.3 158+ 0.8 627+ 19
7 — 6.7 13.2 1558 231+ 1.8 158+ 1.8 1.0+ 02 656 + 1.6
7 — 30 17.3 1525 200+ 1.1 238+ 1.0 1.6 £ 0.1 59.7+ 4.7
8 0.2 19.6 1524 21.6 409 26.5 + 0.7 120 + 0.6 545+ 1.3
8 6.4 18.8 1531 225+09 18.1 + 0.7 18.4 + 0.6 573422
13 9.4 212 1511 1.5+ 1.0 19.8 + 0.5 257+ 1.2 505+ 1.2
13 8.1 18.5 1509 103 4+ 0.5 245+ 0.3 193+ 43 49.8 + 0.4
14 150 13.4 1535 1454+ 0.5 19.6 + 0.5 131+ 03 594+ 2.1
14 11.8 16.6 1520 146+ 0.8 226+ 04 1.1 +0.4 56.1 + 3.4
15 17.8 20.0 1528 289+22 21,1+ 05 14.1 +3.3 545409
15 -22 17.7 1513 281+1.5 2094+ 08 196412 55.6 +4.7
16 6.1 16.4 1527 406 + 5.8 239+ 07 16.7+1.4 534+ 21
16 319 17.1 1508 538+ 4.7 26+ 1.5 167 + 1.1 521407

the low MHz frequency range for beef liver where a value of
1566 m/s was reported’” and for excised human liver at
room temperature with values of 1570 m/s** and 1575
m/s. >

In a previous study in this laboratory,” slightly lower
values of ultrasonic speed were determined in frozen, then
thawed rat liver from male Sprague Dawley rats that were
fed control and ethanol-containing diets for a period of 4
weeks. The ethanol diet produced a minor increase in the
liver lipids (respective ranges of control and ethanol groups
were 2.5%-3.3% and 3.2%—4.3% as compared to this study
with female, ex-breeder, Sprague Dawley rats of 2.5%-
4.8% and 12.7%-24.5%). The propagation speeds mea-
sured were 1550 and 1553 m/s. Total protein and water were
not assessed in that study.

The ultrasonic attenuation at a frequency of 100 MHz
was, in general, greater in the orotic acid treatment group as
compared to the controls (exceptions on days 13 and 14).
The mean + standard deviation ultrasonic attenuation coef-
ficient for the controls was 13.0 + 0.9 dB/mm. This is ap-
proximately 28% less than that reported for fresh bovine
liver (17.7 + 2.2 dB/mm),* and quite similar to the ultra-
sonic attenuation coefficient determined in our laboratory
for male Sprague Dawley rat liver in animals that were fed
control and ethanol-containing diets for 4 weeks (13.0 and
15.6 dB/mm, respectively).’

Ultrasonic speed decreased and attenuation coefficient
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gradually increased due to orotic acid treatment as com-
pared to the controls from days 5 through 8. During the time
period from when the animals were initially placed on the
orotic acid diet to day 5 there was a very slight decrease in
the speed from that of the control and essentially no differ-
ence in the ultrasonic attenuation coefficient from that of the
control. On day 13, the values for both ultrasonic quantities
for the orotic acid treatment groups appeared to decrease
from that of day 8. Speed decreased from 1527 to 1510 m/s
and attenuation coefficient decreased from 22 to 11 dB/mm.
For the attenuation coefficient, the orotic acid and control
treatment groups were essentially the same for both days 13
and 14, after which the attenuation coefficient rose rapidly.

B. Biochemical properties

The liver’s biochemical properties of lipid, protein, and
water showed marked variations in the orotic acid treatment
groups as compared to that of the controls. The mean +
standard deviation values (on a percentage of wet weight
basis) for the controls for lipids, total proteins, collagen and
water were 3.5+0.7, 18.8+2.2, 0.1340.093, and
72.3 + 2.7, respectively. For control rats, these values re-
mained relatively constant as a function of days on diet. In
contrast, for the orotic acid-fed rats, the lipid concentration
increased to over 20%, the protein concentration increased
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slightly to almost 20%, and the water concentration de-
creased to around 50%.

There was a dramatic change in these biochemical prop-
erties during the first 5 days on the orotic acid treatment diet
as compared to the controls. The lipid concentration in-
creased by a factor of almost 4, the protein concentration
decreased by approximately 9% before it started to increase,
and the water concentration decreased approximately 3%.

Liver lipid increased significantly (p <0.05) in the oro-
tic acid group over controls. The mean liver lipid concentra-
tion of orotic acid-fed rats was 19.7% as compared to 3.5%
for controls. The mean liver protein in the orotic acid-fed
rats did not differ significantly from controls (15.2% vs
18.8%), but a slight decrease was observed. The mean water
concentration was significantly lower (p <0.05) in the oro-
tic acid-fed group over controls (58.1% vs 72.3%).

There were no significant differences found between the
orotic acid-fed and control-fed rats for liver collagen concen-
tration. The mean + standard deviation values for the con-
trol-fed rats for collagen concentration (g collagen/100 g of
tissue) was 0.13 + 0.093 (range 0.024-0.31). The mean col-
lagen concentrations for the orotic acid-fed rats for days 5-8
and 13-16 on the diet were 0.15 4 0.098(0.095-0.35), and
0.17 4+ 0.078(0.098-0.29), respectively. Since collagen con-
centration was small and since there was no change between
experimental groups, collagen was not included in the subse-
quent analyses.

Even though collagen has been shown to correlate with
ultrasonic attenuation coefficient in the low megahertz fre-
quency range,®”**?" this has been so only over a wide range
of tissue collagen concentrations. In the case where seven
tissues with approximately the same collagen concentration
(hydroxyproline concentration: 0.013%-0.053% ) were ex-
amined,” no statistically significant observation was ob-
tained between attenuation coefficient and collagen concen-
tration. This does not discount the influence of collagen;
rather, it suggests that when the collagen concentration
range is tightly grouped, it is not possible to observe an effect
upon attenuation. When the collagen concentration range is
broader, say for the study of canine wound tissue where the
collagen concentration ranged from 10% to 25% (wel
weight basis), both the attenuation coefficient (at 100
MHz) and speed show a statistically significant positive cor-
relation.”

For the livers of the 16 orotic acid-fed rats, there were
statistically significant negative interactions between lipid
and water concentrations (p = — 0.82; p <0.0001; slope
m = Alipid/Awater = — 0.82) and between protein and
water concentrations (p = —0.61; p <0.012; m = Apro-
tein/Awater = — (0.93). There was no statistically signifi-
cant interaction between these three tissue constituent in the
eight control livers. When the livers from all 24 rats were
considered, there was a statistically significant negative in-
teraction only between lipid and water concentrations
(p= —093 p <0.0001 m = Aprotein/Awater

= — 0.90). Others®* have also shown a statistically signifi-
cant negative interaction between lipid and water (m = Ali-
pid/Awater = — 0.61) for human liver over comparable li-
pid and water coneentration ranges. This supports the view
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that the fat accumulation displaces water and protein.

C. Comparison of ultrasonic and biochemical
properties

The ultrasonic speed (m/s) and attenuation coefficient
at a frequency of 100 MHz (dB/mm) were compared as a
function of lipid, protein, and water (% wet weight basis)
and are graphically represented in Figs. 1-6. The ultrasonic
speed for the control livers is generally greater than that for
the orotic acid treatment groups. Ultrasonic speed (Fig. 1)
is shown to monotonically decrease as a function of increas-
ing lipid concentration. Ultrasonic speed (Fig. 2) appears to
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FIG. 2. Ultrasonic speed versus protein concentration in rat livers for orotic
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decrease as a function of protein concentration for the orotic
acid treatment group. The ultrasonic speed (Fig. 3) appears
to monotonically increase as a function of increasing water
concentration. The attenuation coefficient (Fig. 4) appears
to remain the same or increase as a function of increasing fat
concentration. There does not appear to be any obvious
trends for the attenuation coefficients (Figs. 5 and 6) as a
function of either protein or water concentration with the
attenuation coefficient for the control livers either the same
or less than that for the orotic acid treatment groups.

The dashed lines in Figs. 1 and 4 represent least-squares
fit of ultrasonic speed and attenuation coefficient, respec-
tively, versus fat concentration of livers from ethanol-fed
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FIG. 4. Ultrasonic attenuation coefficient at 100 MHz versus lipid concen-
tration in rat livers for orotic acid (A ) and control (@) treatment animals.
Dashed line from Ref. 9.
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rats over the fat concentration range (2.5%-16.8%) from a
previous study.’ Quantitatively in that study, speed was
shown to decrease at a rate of 2.3 m/s/% fat and attenuation
coefficient to increase at a rate of 1.08 dB/mm/% fat as
functions of fat concentration. There appears to be quantita-
tive agreement between these two studies. Further, others®*
have shown (solid line in Fig. 1) in normal human liver that
the speed decreased at a rate of 1.8 m/s/% fat for the uncor-
rected data.

The ultrasonic speed versus water concentration results
(Fig. 3) are distinctly different than reported by oth-
ers. 2" The solid line in Fig. 3 represents human liver.*
Here, the trend is opposite in slope although the human liver
speed agrees in magnitude with that of the control rat livers
in the 709% water concentration range. Others have also
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FIG. 6. Ultrasonic attenuation coefficient at 100 MHz versus water concen-
tration in rat livers for orotic acid ( A ) and control (@) treatment animals.
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shown a negative slope in rabbit liver*® and in canine wound
tissue’ over a similar water concentration range. No sugges-
tion for this marked difference is known at this time.

Other studies™"?” have shown statistically significant
negative correlations between attenuation coefficient and
water concentration for human liver in the 1-7 MHz range®*
and canine wound tissue at 100 MHz.?” The results shown in
Fig. 6 suggest a negative correlation, although very weakly.

These graphical representations, while useful, are also
limited. They are able to depict a functional relationship
between an ultrasonic quantity and one of the tissue quanti-
ties. However, it is felt that the interaction of ultrasound
with biological materials is much more complex. Therefore,
in order to obtain a more complete understanding of the
functional relationships between the ultrasonic propagation
properties and the tissue constituent properties, a more com-
plete regression analysis was conducted in which each of the
ultrasonic properties was evaluated in terms of all of the
tissue properties and conversely, each of the tissue properties
was examined against both of the ultrasonic properties.

Table IIT lists three sets of equations, each set represent-
ing regressions from (1) the 8 control-fed rats only, (2) the
16 orotic acid-fed rats only, and (3) all 24 rats. For each
regression, an overall F statistic and probability level were
determined, as well as a probability level for each indepen-
dent variable in the equation. This approach was undertaken
in order to assess the role of each of the independent tissue
variables (lipid, protein, and water) on ultrasonic speed and
attenuation coefficient.

Neither of the regressions from the control-fed rats was
significant, most likely due to the fact that the data were
tightly grouped which can be graphically observed in Figs.
1-6. Lipid and protein concentrations significantly in-
fluenced speed in the orotic acid-fed group whereas water
did not. These two tissue constituents (lipid and protein)

TABLE I11. Regression equations of the dependent variables speed (¢, m/
$) or attenuation coefficient (4, dB/mm) as a function of the three indepen-
dent tissue variables, lipid (L), protein (P), and water (W), each as a per-
centage (wet weight basis). The overall Fstatistic and probability level for
each equation is indicated to the far right. The p values listed below each
coefficient represent the significance of that term to the dependent variable.

Treatment: Control-fed

c= 14554 +62(L) +0.7(P) + L.I(W) F=0.14
p<0004 p<055 p<080 p<0.69 p<0.93
A=1293 +0.3(L) —0.I(P) +02(W) F=16
p<0.12 p<065 p<049 p<0.27 p<0.32
Treatment: Orotic acid-fed
c=15888 —25(L) - 1B(P) +0.3(W) F=246
p<00001 p<0.048 p<005 p<c076  p<0.0001
A=853 —02(L) —06(P) —09(W) F=043
p<039 p<093 p<071 p<0.62 p<073
Treatment: Control-fed and ortic acid-fed combined
¢ = 1580.2 —24(L) —L6(P) +04(W) F=362
p<00001 p<c0056 p<0.084 p<070 p<0.0001
A=620 +0.1(L) —04(P) —0.6(W) F=18
p<052 p<093 p<0Tl p<058 p<0.18
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were not correlated according to the Pearson correlation co-
efficient. When the data from all 24 rats were combined,
none of the independent variables significantly affected
speed, based upon the p < 0.05 criterion, although the overall
probability level for the equation was significant.

Since the overall F'value was less than 1.8 for each of the
three attenuation coefficient equations in Table III, ultra-
sonic attenuation was not a significant estimator for lipid,
protein, or water in the orotic acid-fed or control-fed treat-
ment groups.

In addition, the biochemical measurements were used to
estimate the ultrasonic propagation properties of speed and
attenuation coefficient for the orotic acid-fed treatment
group. Only this treatment group was selected for this analy-
sis because of the apparent bias that is introduced by also
including the control-fed treatment group (see Table I11).
The model fitted for lipid concentration is given by:

L=2317.5 —02 (¢) +002 (4)F=108
p<0.0005 p<0.0008 p<0.72 p<0.002°
(4)
The model for protein concentration is given by:
P=2483 —02 (¢) —004 (4)F=40

. (5
p<00l1 p<0015 p<0.64 p<004s” O

The model for water concentration is given by:
W= —411.6 +03 (¢) —0.02 (4)F=25.7
p<0.0001 p<0.0001 p<0.78 p<0.0001°
(6)

It is evident for these regressions [Table III and Eqgs.
(4)-(6)] that little relationship existed between ultrasonic
attenuation coefficient and any of the three tissue constitu-
ents considered in this study. On the other hand, speed was
significantly influenced by lipid and protein concentration
only. Further, from Egs. (4)-(6), it was possible to make a
significant estimate of all three tissue constituents from
speed only. Tissue water concentration, even though corre-
lated to tissue lipid and protein concentration, did not signif-
icantly influence ultrasonic propagation properties.

The increase in liver lipid due to orotic acid found in the
present study was in agreement with others.***" Liver lipids
were shown to increase at 3 days and rise to around 18%
after 7-10 days on a 1.0% orotic acid diet.*! In the current
study, liver lipids were first assayed after 5 days on the diet at
which time they had increased from 2.5%-4.8% for control-
fed rats to about 13%. Additionally, others®'*? noted eleva-
tions to 25% lipid after 17 days on a 1.0% orotic acid diet.
Still others* found no changes in rats fed 1.0% orotic acid
until day 7 (10.2%) and further increases by day 10
(16.8%).

In this study, the length of time on the diet appeared to
influence the lipid content in the orotic acid-fed animals. The
large increase in liver lipid also resulted in a decrease in wa-
ter concentration and a somewhat lower decrease in protein
over controls. From these results, 1.0% orotic acid in the
diet when fed to rats for a short period of time could drasti-
cally alter the lipid concentration and in doing so, affect the
ultrasonic propagation properties and thus provided an ex-
cellent model for such studies.
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The decrease in ultrasonic speed and increase in ultra-
sonic attenuation with increasing lipid found in this study
was consistent with previous work from this laboratory
where mild fatty liver was induced in rats with chronic eth-
anol feeding.”
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