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Based on the resonance theory, the pressure wave of the arterial
system could reflect the physical condition of the internal organs.
Experimental evidence indicates that the physical condition of or-
gans is related to various Fourier components of the pressure pulse.
We have proved that the first harmonic of the pressure-wave spec-
trum is closely related to the liver.

In this study, Wistar rats given massive doses of acetaminophen
were examined. The amplitude of the first harmonic of the blood
pressure pulse, A1, was analyzed and correlated with the blood liver
function indexes that examine serum glutamate pyruvate transam-
inase (SGPT) and serum glutamic oxaloacetic transaminase
(SGOT). When A1l was below 3650 and SGPT was above 90, the
kappa value was about 0.6; the probability is greater than .999
based on a chi-square test. When A1 was below 3650 and SGOT
was above 380, the kappa value was around 0.5; the probability is
greater than .999.

Our results indicate that A1 may be used as a simple, real-
time biomarker that is complementary to the commonly used first-
line liver indicators, SGPT and SGOT levels, for monitoring acute
hepatotoxicity. It promises a noninvasive, real-time liver-function
monitoring method.
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Most drugs and toxic chemicals are metabolized in the liver,
and these processes may cause liver injuries. All the hepatotoxic-
ity monitoring methods include histopathological evidence, and
the blood liver function indexes that examine serum glutamate
pyruvate transaminase (SGPT) and serum glutamic oxaloacetic
transaminase (SGOT) are invasive and time-consuming; they
can hardly alert one to a drug-induced fulminant hepatic failure
in time to save the liver.

The pulse analysis, a noninvasive, real-time liver-function
monitoring method is presented in this article. It is based on the
resonance theory we first proposed in 1989 (Wang et al. 1989;
Wang Lin et al. 1991). According to this theory, each organ or
tissue, with its entity as an arterial tree, is coupled with the main
artery and undergoes forced oscillations that have selective fre-
quencies. The physical condition of the organ is the main factor
that influences the coupling status. Since the entire arterial sys-
tem is a combination of all the organ—main-artery coupling units,
the pressure wave of the arterial system will reflect the physical
condition of all the organs. Experimental evidence indicates that
the physical condition of organs is related to different Fourier
components of the pressure pulse. We found that the amplitude of
the second harmonic of the pressure-wave spectrum would drop
significantly during renal artery ligation, while the amplitude of
the third harmonic would drop significantly during spleen artery
ligation (Wang Linetal. 1991, 1997; Young et al. 1989, 1992; Yu
et al. 1994). Investigation of the pulse spectrums of hospital pa-
tients with acute uncomplicated myocardial infarction indicated

181

RIGHTS

ir



Toxicology Mechanisms and Methods Downloaded from informahealthcare.com by National Taiwan University on 03/25/15
For personal use only.

182 T.-L. HSU ET AL.

that the heart is related to the DC term (the average height or
intensity of the original pulse of the pressure spectrum (Chen
et al. 1993)). Studies of chemical-factory workers with abnor-
mal blood tests (Wang et al. 1996) and of hospital patients with
possible liver problems (Lu et al. 1996) found that the abnor-
mal level of intensity of the first harmonic of the pressure-wave
spectrum was highly correlated with abnormal values of the liver
indexes SGPT, SGOT, bilirubin, and so on.

During a drug-induced fulminant hepatic failure, SGPT and
SGOT are usually the first tests used to check liver function,
for they’re relatively convenient and time-saving, compared to
other methods such as the histological method. Although we
still cannot absolutely exclude the possibility of poor liver func-
tion at low levels of SGPT and SGOT, the abnormally high
levels of SGPT and SGOT do indicate possible liver failure, so
emergency action can be taken immediately. There are great ad-
vantages when the noninvasive pulse analysis method can be
used as a real-time, first-line indicator. It is possible to monitor
the hepatic toxicity level as frequently as desired and to read
the results instantly. For this purpose, dose/response SGPT and
SGOT values were studied in Wistar rats given massive doses of
acetaminophen (APAP), and the correlation between the ampli-
tude of the first harmonic of the blood pressure (BP) pulse, Al,
and the SGPT and SGOT levels was studied. APAP in dimethyl
sulfoxide (DMSO) was given by multiple injections 5 h apart
to minimize the injection volume, avoid single-dose toxicity, re-
duce mortality, and effectively build up the dose/response values
of SGPT and SGOT.

APAP was chosen because it is inexpensive, readily available,
and has a low operating danger. This analgesic and antipyretic
drug is safe at therapeutic doses, but it can cause severe liver
damage at the level of overdose (Nelson 1990; Prescott 1983).
Because APAP-induced hepatotoxicity is less severe in rats than
in humans (Davis etal. 1974), massive APAP doses (> 1 g/kg) are
needed to build up a significant increase in serum levels of SGPT
and SGOT. A huge volume has to be delivered if the drug is car-
ried by saline ( Echard et al. 2001; Kostrubsky et al. 1995; Tarloff
et al. 1996). Nonetheless, to keep the pulse studies faithful, the
injection volume should be minimized so as to avoid disturbance
of the blood circulation. Therefore, DMSO was chosen as the
carrier of APAP for its high solvency. APAP in DMSO given by
multiple injections was proven to effectively induce fulminant
acute hepatic failure in dogs (Francavilla et al. 1989). There have
been reports that DMSO might protect against acetaminophen-
induced hepatotoxicity somewhat (Jeffery and Haschek 1988;
Park et al. 1988); we may, therefore, have faced lower mortality
rates or less elevation of SGPT and SGOT values for the same
amount of APAP by using DMSO as the carrier. However, this
just adds more space between safety and death when studying
the APAP dose response. Other advantages of using DMSO in-
clude the small injection volume, the trustable dosage, and the
steady absorption rate, all keys to a successful result.

A single dose of acetaminophen was not considered because
it can result in significant animal mortality that may not be due to

hepatic injury but to factors such as methemoglobinemia and car-
diorespiratory failure (Cobden et al. 1982; McLean et al. 1967).
To effectively build up the levels necessary to examine SGPT
and SGOT values, prolonged elevated blood levels of APAP are
required (Davis et al. 1974; Jollow et al. 1974). According to
studies of male 3-month-old Sprague-Dawley rats (Tarloff et al.
1996), both serum and hepatic APAP concentrations reach the
maximum at 2 h following intraperitoneal injection of the drug
and then drop slowly over 6 h. Our preexperiment tests (data
not shown) found that a 5-h interim between each injection ef-
fectively builds up the necessary SGPT and SGOT values and
results in a low mortality rate.

MATERIALS AND METHODS

APAP, DMSO, and urethane were purchased from Sigma
Chemical (St. Louis, MO). Wistar rats between 220 and 340 g
were purchased from the experimental animal center of National
Taiwan University (Taipei, Taiwan). A total of 114 rats were
divided into seven groups; total APAP doses were O (control
group); 0 (DMSO group); and 1000, 1500, 2000, 2400, and
3000 mg/kg, respectively.

APAP in DMSO (600 mg/mL) was given as four intraperi-
toneal injections 5 h apart, with the first dose to be one half and
the consecutive three doses to be one sixth of the total dose. We
used a larger first dose to build up the serum APAP concentra-
tion and the following smaller doses to maintain the level. For
the DMSO group, a volume of pure DMSO equal to that given
the 3000 mg/kg APAP group was injected. For the naive control
group, there was no injection.

Then 12 h after the last injection, the rats were anesthetized
with urethane (0.84 g/kg). The tail artery was cannulated with an
intravenous catheter (Becton Dickinson Infusion Therapy Sys-
tem Inc., USA) filled with physiological saline and heparin,
which was then connected to a pressure transducer (RP-1500
Narco Biosystem, Houston, Texas). The BP pulses in the tail
artery were obtained through the transducer, which was in se-
ries with a preamplifier, an A/D converter, and an IBM PC. (Yu
et al. 1994)

After cannulation, 210 min were allowed for stabilization.
Then every 2 min, we recorded one pressure-wave sequence for
1 sec, which contained 5 to 7 consecutive pulses. A total of 45
pressure-wave sequences were taken in 90 min. Then 1 mL of
blood was drawn for liver function index (SGPT and SGOT)
analysis. Each pulse in the pressure-wave sequence was sepa-
rated at the lowest point (the place where diastolic pressure (DP)
started) and the DC trend was corrected. The separated pulses
were Fourier-transformed into the frequency domain, and the
amplitude of the first harmonic, A1, was calculated.

The Al of all the recorded pulses in 210-300 min were
averaged. The physiological indexes (BP =systolic pressure
(SP) — diastolic pressure (DP)) were recorded and averaged also.
The quality of the data was monitored according to the BP; if it
was higher than 30 mmHg it was considered to be data. Either
the toxicity had severely affected the cardiovascular system, or
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blood clots in the intravenous catheter had caused the large drop
in BP.

A blood test was used as the gold standard. The validity of
the pulse-spectrum analysis was evaluated by the kappa value
and X2 test (chi-square test).

RESULTS

Table 1 shows all the data averaged from all of the surviving
rats with BP higher than 30 mmHg; there were 25 control rats;
11 given DMSO; 21 given 1000 mg/kg; 10 given 1500 mg/kg; 9
given 2000 mg/kg; 8 given 2400 mg/kg; and 9 given 3000 mg/kg.
Table 1 shows that the average values of SGPT and SGOT in-
creased with the APAP doses. The average value of the liver
function index of the BP pulse spectrum A1l was significantly
decreased when the APAP dose was larger than 1500 mg/kg. The
Al drop in the DMSO control group is to be noted. We found
that the DMSO group had higher average DP and SP values

than the control group and the 1000 mg/kg group. However,
the averaged DP and SP values increased with higher dosages
and reached the maximum at 2000 mg/kg. The mortality rate at
5 h after urethane injection was zero for the rats given doses of
1500 mg/kg and less and was 7 of 18 for the rats given 2400 or
3000 mg/kg. There were higher survival rates in the rats with
huge BP drops in these two groups, too. When the DMSO set
was compared, the DP, SP, and BP variations in all the APAP
sets were insignificant except for the rats given 1000 mg/kg.

Table 2 gives the kappa and X? test results of the SGPT
and SGOT, and liver-function indexes of the BP pulse spectrum
Al. When Al was lower than 3650, the probability that SGPT
was higher than 90 and that SGOT was higher than 380 was
greater than .999, based on a chi-square test. The kappa value
of SGPT-A1 was close to the substantial level; it was lower for
the SGOT-A1 relationship.

Table 3 considers high DP (>90 mmHg) as an additional
condition together with low A1 (<3650). If a rat had A1 lower

TABLE 1
The averaged data and the statistical results for rats with BP = systolic-diastolic >30 mmHg
Dose Control DMSO 1000 mg/kg 1500 mg/kg 2000 mg/kg 2400 mg/kg 3000 mg/kg
Al 3769 3657 3840 3672 3385 3417 3443
SE 22 34 20 61 61 48 98
Tt Tt T T
SGPT 58.4 64.4 64.0 84.5 89.6 149 140
SE 3.7 9.8 4.7 10.1 133 20.6 16.6
* * ko kK
T T Tt Tt
SGOT 295 273 299 305 381 510 490
SE 15.6 30 20 28 46 53 35
T t tt
DP (mmHg) 78.9 86.1 78.8 85.6 91.3 89.4 83.8
SE 1.4 2.8 1.5 2.3 3.5 3.6 3.1
T
SP (mmHg) 129.2 131.4 124.2 129.8 140.1 133.9 127.2
SE 1.7 33 1.8 3.1 35 3.6 2.7
* *
t
BP (mmHg) 50.3 45.2 43.9 442 48.2 44.4 43.1
SE 0.6 1.2 1.2 22 2.2 1.7 3.1
HR (Hz) 6.9 6.8 6.8 6.9 7.0 7.3 7.5
SE 0.1 0.2 0.1 0.1 0.2 0.3 0.3
Mortality” 0/25 0/12 0/21 0/10 1/10 7/18 7/18

“Mortality, mortality at 5 h after urethane injection; SE, standard error.
Note: The t-test probabilities of significant difference between each dose set with the naive control set are given as

*p> .95 *p > .99 *p = 099,

The t-test probabilities of significant difference between each dose set with the DMSO set are given as fp > .95;

tp > .99; TTp > 999,
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TABLE 2
The kappa and X2 test results of SGPT, SGOT, and the
liver-function index of the BP pulse spectrum Al

TABLE 4
The kappa and X? test results of SGPT, the liver-function index
of the BP pulse spectrum Al, and the DP

SGPT > 90 SGPT < 90 Total SGPT > 90 SGPT < 90 Total
Al > 3650 6 (18) 52 (40) 58 DP <90 13 (22) 58 (49) 71
Al < 3650 23 (11) 12 (24) 35 DP > 90 16 (7) 6 (15) 22
Total 29 64 93 Total 29 64 93

X? =31.18; p < .0001; x = 0.573. X2 =23.18; p < .0001; k = 0.490.

SGOT > 380 SGOT < 380 Total Al < 3650 Al > 3650 Total
Al > 3650 7(17) 51 (41) 58 DP < 90 18 (27) 53 (44) 71
Al < 3650 21 (11) 14 (24) 35 DP > 90 17 (8) 5(14) 22
Total 28 65 93 Total 35 58 93

X? = 23.83; p < .0001; « = 0.499.
Note: The numbers in parentheses are the expected values.

than 3650 or DP higher than 90 mmHg for more than 60 minutes,
the probability that SGPT would be higher than 90 and that
SGOT would be higher than 380 was greater than .999, based
on a chi-square test. Along with this DP, the X? and kappa values
were both increased in the SGPT-A1 correlation, and the kappa
value reached the substantial level (x = .614). There was no
improvement in the SGOT-A1 correlation.

As shown in Table 4, the kappa value of DP-SGPT was .490
when the DP was higher than 90 mmHg and the SGPT was also
above 90; the kappa value of DP—A1 was .431 when the DP was
higher than 90 mmHg and A1 was below 3650. These values are
lower than the kappa value for the SGPT-A1 correlation.

TABLE 3
The kappa and X? test results of SGPT, SGOT, and the
liver-function index of the BP pulse spectrum A1 as well as
diastolic pressure

SGPT > 90 SGPT <90 Total
Al > 3650 317 50 (36) 53
Al < 3650 or DP > 90 26 (12) 14 (28) 40
at more than 60 min
Total 29 64 93

X2 =37.41; p < .0001; k = 0.614.

SGOT > 380 SGOT < 380 Total

Al > 3650 6 (16) 47 (37) 53

Al < 3650 or DP > 90 22 (12) 18 (28) 40
at more than 60 min

Total 28 65 93

X? =20.67; p < .0001; x = 0.453.
Note: The numbers in parentheses are the expected values.

X? =19.29; p < .0001; « = 0.431.
Note: The numbers in parentheses are the expected values.

DISCUSSION

Fulminant hepatic failure can result from an overdose of a
drug taken in a short time or can develop from long-term hepatic
injury resulting from a variety of causes. It is difficult to predict
its onset but it is vital to do so in humans, so it would be a
great advantage if we could be alerted and thus able to take
action earlier; a more convenient and comfortable method of
assessment is needed. Comparing the commonly used first-line
liver function indicators SGPT and SGOT, we have shown that
the pulse analysis method is a promising one. When the liver
function index of the BP pulse spectrum Al is lower than 3650,
there are significantly high probabilities that SGPT is greater
than 90 and SGOT is greater than 380, based on a chi-square test.

As an indictor of liver cell damage, it is well known that SGPT
is more specific than SGOT. We have seen that the kappa value of
the A1-SGPT relationship is much higher than the kappa value
of the A1-SGOT relationship. The higher correlation of A1 with
the more specific liver function index SGPT might imply a high
specification of Al in liver function too.

Many of the cases in Table 3 have very high DP values
(>90 mmHg). If we take the high DP (=90 mmHg) as an addi-
tional condition, together with the low Al (<3650), to test the
probability that SGPT is above 90, the kappa value moves to a
substantial level (¢ = 0.614). The high DP could be a physiolog-
ical feedback response that is compensating for the decreasing
blood supply to the liver caused by the hepatotoxicity. To avoid
occasional nervous responses, only those rats with DP above
90 mmHg for more than 60 min were considered to have real
hypertension related to hepatotoxicity.

Since the kappa value of the SGPT-DP relationship is 0.490,
and the kappa value of the A1-DP relation is only 0.431, the in-
crease in DP cannot be responsible for the A1-SGPT correlation
but can be considered an additional criterion of it only.

The pulse analysis method described in this experiment is
to be used to monitor cases in which there is an abnormal
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blood supply to the liver but no serious signs of cardiovascular
problems. Patients with serious cardiovascular problems; usu-
ally including abnormal BP or heart rate, would be easily moni-
tored in a clinical situation. Therefore, only the rats that survived
for 5 h after being injected with urethane and had SP—DP higher
than 30 mmHg were analyzed.

Compared to the naive control group, the statistically sig-
nificant effects on the A1, DP, and BP in the DMSO control
group have been noted; the physical situation of the circulation
system may have been altered somewhat by the relatively large
volume of high-density DMSO we injected. The DMSO con-
trol group was given a volume of pure DMSO equivalent to the
3000 mg/kg of APAP given that group. Because it has less injec-
tion volume, DMSO should have less effect on the groups given
1000 to 2400 mg/kg APAP. Compared with the DMSO group,
the statistically significant effects on A1, SGPT, and SGOT in the
groups given 2000 to 3000 mg/kg are still valid; nonetheless, the
effects on DP, SP, and BP became insignificant in these groups.
If saline had been used as the carrier of the APAP, due to the low
solvency the injection volume would have been 10-fold greater,
the huge injection volume will disturb the blood circulation and
we would have faced a more confusing situation.

Since the abnormally high levels of SGPT and SGOT do
indicate possible liver failure, regardless of the liver toxicity
induced by APAP, solved in DMSO was not fully characterized,
stable dose/response SGPT and SGOT values were built into this
study to give different liver damage levels. The very high SGPT
(>300) and SGOT (>600) values were rarely observed in this
study in rats that survived for 5 h after the injection of urethane.
Although the blood samples from some dying rats gave higher
SGPT (~500) and SGOT (~800) values, these values are much
lower than those reported in other animal species. Either APAP-
induced hepatotoxicity is less severe in Wistar rats or the DMSO
protected them. The mortality rate was lower in this study also;
the animals were used more efficiently.

The pulse spectrum Al may be related to the blood supply
to the liver or to blood vessel conditions in the liver; it might
have undergone high-speed variations. The SGPT is directly
related to cell damage in the liver. These two indexes were well
correlated in circumstances of severe hepatotoxicity as indicated
by high SGPT and SGOT values, but they may be discrepant in
situations of minor toxicity. For example, a drop in the A1 value
may lead to a rise in the SGPT and SGOT values hours or days.
To cause cell damage usually takes a much longer time than the
physiological response of the liver blood flow variation in minor
toxicity situations.

The average SGPT value was statistically normal but the A1l
value was higher than control at a dose of 1000 mg/kg. With
higher doses of APAP (>1000 mg/kg), the average A1 dropped
as the dose of APAP increased. This kind of biphasic drug re-
sponse is common (Altura et al. 1996; Ben-Ami et al. 1991;
Cellier et al. 1997). A dose of 1000 mg/kg may be in the toler-
able, or pretoxic, stage. In this stage, the circulation system and
the liver have not yet been injured, and more blood may be deliv-
ered to the liver to metabolize the drug as a normal physiological

response. This would explain why, at a dose of 1000 mg/kg, the
A1 level increased but the SGPT and SGOT responses did not.
At higher doses, when physical injury of the liver had occurred,
the resonance became worse and worse, and the decrease in
the A1 level was accompanied by an increase in the SGOT and
SGPT levels. No Al effect was seen at 1500 mg/kg; it might be
a balance point, at which the increase and decrease in the Al
level was just balanced at that dose. This suggests that we can
actually take advantage of this phenomenon: in cases of minor
poisoning we may monitor the Al increase.

As mentioned earlier, the A1 variation represents a change in
the physical status of the liver. Therefore, other liver tests may
also correlate with changes in the A1 as long as the tested index is
related to the physical status of the liver. Just as SGPT and SGOT
are not sufficient for liver disease testing, some other harmonics
may also play a minor role, together with the A1, in indicating
liver disease. Our previous studies (Lu et al. 1996; Wang et al.
1996) have indicated that for chronic liver abnormality testing
we may get a better correlation if there is a more complex cross-
study between the A1 and other minor harmonics of liver disease
testing such as bilirubin, alkaline phosphates, and cholesterol
levels, ultrasound scans, and so on.

The APAP may induce damage that has various aspects; fur-
ther studies are needed to clarify the Al relationship with the
toxicological effects on organs other than the liver. Nonethe-
less, based on organ ligation experiments (Wang Lin et al. 1991;
Young et al. 1989, 1992; Yu et al. 1994), studies of chemical-
factory workers with abnormal blood tests (Wang et al. 1996),
hospital patients with possible liver problems (Lu et al. 1996),
and patients with acute uncomplicated myocardial infarction
(Chen et al. 1993), all the evidence indicates that the physical
condition of various organs is specifically related to the Fourier
components of the pressure pulse as a first approximation. It
infers that the liver is specifically related to A1, although it may
also have a minor cross-relation to other harmonics.

This preliminary study was aimed at the comparison between
A1 with the commonly used blood indexes SGPT and SGOT.
The correlation between the A1 and the SGPT and SGOT levels
indicates that the amplitude of the first harmonic of the pres-
sure pulse spectrum is a noninvasive indicator that may hold
a diagnosis position similar to that of SGPT and SGOT when
screening for liver toxicity initially. In humans, we may easily
record the BP waves from the radial artery on the wrist by using
a noninvasive pressure transducer. It may be a leading index;
it may alert clinicians to the hepatotoxic status well before any
severe damage begins.
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