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Thirteen patients who underwent 40% to 80% re
moval of their livers had blood samples drawn initially 
and daily on postoperative days 1 to 7. The enzyme 
marker of heightened polyamine metabolism, orni
thine decarboxylase, and the indicator of DNA syn
thesis, thymidine kinase, were measured. In addition, 
the hormones (insulin, glucagon, estradiol and an
drogen), which in animals are known to reflect 
and possibly modulate regeneration, were measured. 
Changes in all these indices followed the same pat
tern as in rats, dogs and swine but at a slower 
rate. Ornithine decarboxylase and estradiol increased 
within 24 hr, but thymidine kinase and insulin rises did 
not become statistically significant until 3 to 5 days. 
Using these plasma or serum indices as surrogate 
measures of biochemical events in the liver itself, 
regeneration reached a maximum after 4 or 5 days. By 
computed tomography scan analysis, restoration of 
hepatic cell mass was not complete until 3 wk. (IIEPA
TOLOGY 1990;12:1134-1138.) 

Liver regeneration after partial hepatectomy proceeds 
at different rates in different species; the rat has been 
the most completely studied species. Peak regeneration 
is at 24 hr in the rat (1-2), 48 hr in mice (3) and 72 hr 
in the dog (4) and in the pig (5). This chronology has 
been worked out by histopathological and biochemical 
analyses of samples of the remaining liver fragment at 
successive times after standard removal of half or more 
of the animals' livers. The pace of hepatic regeneration 
in humans has not been precisely determined because 
serial tissue collection is neither feasible nor ethical. 

There have been four widely accepted, quantitative 
measures of regeneration in liver tissues: (a) the number 
of hepatocytes in mitosis (1-2), (b) thymidine incorpo
ration into hepatic DNA (6), (c) hepatic thymidine kinase 
(TK) activity as an indicator of DNA synthesis (5) and (d) 
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activity of ornithine decarboxylase (ODC) as an index of 
polyamine metabolism (7-11). Two of these paramet3rs, 
TK and ODC, can be measured in the blood of hepatec. 
tomized rats (12), offering a practical and noninvasive 
method to study liver regeneration. These regeneration 
parameters have been shown to occur in relation to 
changes observed for plasma levels of insulin and 
glucagon (13-16) and the sex hormones (17-18). 

We report here an investigation of 13 patients who had 
removal of a full liver lobe or more. All of the foregoing 
surrogate serum or plasma markers of hepatic regener· 
ation were measured, permitting a better understanding 
of the events of liver regeneration in humans. 

PATIENTS AND METHODS 

~;. 

~ 

" ~ 
The patients were 24 to 72 yr old (Table 1). Six had . 

metastases from colorectal cancer, two had primary hepatic' 
malignancies and five had benign liver lesions. Only one . 
patient had generalized parenchymal disease (hepatitis).; 
Except for two patients with obstructive jaundice, lived 
function tests were normal or near normal. In addition to the'f 
13 resection patients, three patients were studied who un-~ 
derwent elective cholecystectomy. On the morning of oper-! 
ation 10 ml of serum was obtained (time zero), and this:; 
collection was repeated daily for the next 7 days. All of the" 
resection patients received parenteral nutrition po:sto!pera
tively consisting of 1,800 to 2,100 total cal.ori'es/ldav 
normal diet could be resumed. 

The resections are listed in Table 1. Estimated liver VUIUlll'ca..;.;. 

were measured preoperatively with computed torno~~alphy:!' 
(CT). Then,liver weight was estimated (19) with the 

Estimated liver weight in grams"" 0.81 x Volume in m1 + 372 

The percent of liver removed was estimated by: 
Weight of surgical specimen 
Estimated total liver weight x 100 "" % 

Pla8ma Insulin Assays. Immunoreactive insulin was 
mined by RIA using a kit obtained from Serono Diagnostic 
Coinsins, Switzerland. The detection limit of this assay in 
laboratory is 5 IloU/ml, and the coefficient of variation 
replicate samples is 8.4%. 

Pla8ma Glucagon Assays. Immunoreactive glucagon 
determined with a kit that has known accuracy, precision 
specificity (Serono Diagnostic SA). One milliliter of blood 
collected in chilled tubes containing 500 units of 
(Trasylol, a trypsin inhibitor) and 1.2 mg sodium 
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TABLE 1. Patients treated with partial hepatectomy 

Degree of 
Patient liver resection 

No. Age Se:lt Diagnosis As80ciated disease Type of hepatectomy (%) 

1 72 M Metastatic C.C. No R. trisegmentectomy 75 

2 51 M Metastatic C.C. Ulcerative colitis L. lobectomy 40 

3 58 M Metastatic C.C. Hepatitis R. lobectomy 60 

4 30 M Multiple stones within intrahe- No R. lobectomy 60 
patic bile ducts 

5 63 F Metastatic C.C. No R. trisegmentectomy 75 

6 42 F Focal nodular hyperplasia No R. trisegmentectomy 75 

7 67 M Liver metastasis from Klatskin Severe cholestasis L. lobectomy 60 
tumor 

8 40 F Cavernous hemangioma No R. trisegmentectomy 80 
9 45 M Metastatic C.C. No R. lobectomy 50 

10 54 F Hepatic adenocarcinoma No R. trisegmentectomy 80 
11 24 F Focal nodular hyperplasia No L. trisegmentectomy 75 
12 50 F Hemangioma No R. lobectomy 50 
13 61 F Metastatic C.C. No R. lobectomy 50 

R = Right; L = Left; C.C. = colon cancer. 
The quantity of liver removed was expressed as a percent of total liver volume determined by preoperative determination of liver and mass 

of the resection specimen. . 

detection limit for this assay in our laboratory is 15 pg/ml, and 
the coefficient of variation is 9.69C. In representative blood 
samples obtained from each patient, a gel filtration technique 
(20) was used to subdivide the IRG into that with molecular 
weights of 3,500, 7,000 and 40,000 Da. The gel filtration 
studies demonstrated that the IRG found in these patients was 
predominantly the form having a molecular weight of 3,500 
Da, which is the most biologically active form (21). 

ABBays of Serum Estradiol and Testosterone. Levels were 
determined with 125-1 solid phase direct RIA kits (lmmuno
chern Corp., Carson, CAl. The sensitivity for the estradiol kit 
and for the testosterone kit is 10 pg and 0.2 ng, respectively. 
The intraassay coefficient of variation (CV) in our laboratory 
is 6% for estradiol and 10.9'K for the testosterone assay. The 
interassay CV was 11.3'K for the estradiol kit and 11.2% for the 
testosterone kit. 

Enzyme Assays of Plasma ODe. Five milliliters of blood was 
collected in a tube containing 1 00 ~l of the following solution: 
5 mmoUL pyridoxal phosphate, 100 mmoUL 1,4-dithiothreitol, 
0.5 mmollL EDTA, and 5 ~l TWEEN/SO:. ODC was determined 
(22) by measurement of the amount of putrescine formed 
in !-'itro from L-(2m-3-3Hl-ornithine as substrate with specific 
activity of 50.4 Ci/mmol from New England Nuclear (Boston, 
MA). 

Enzyme Assays of TK. The enzyme activity was determined 
in 25 ~l serum by measuring the rate of conversion of 
125I-iododeoxycitidine. This assay is more sensitive than the 
traditional one that used thymidine and is more accurate when 
small serum samples are used (23). 

Statistical Analysis. Comparisons were performed using a 
least squares regression and Student's t test; a value of 
p < 0.05 was considered statistically significant. All data are 
required as the mean ± S.E.M. 

RESULTS 
The patients with resection and the three who had 

cholecystectomy recovered without serious complica
tions. They were stable medically throughout the period 
of the study. The restoration of original hepatic mass in 

the resection patients required approximately 3 wk as 
estimated from weekly CT scans. 

Changes in Plasma ODC Levels. There was a sig
nificant increase in plasma ODC within 24 hr (Fig. 1) 
followed by a return to preoperative values by the end of 
the second postoperative day. There was a second 
short-lived increase on the fifth postoperative day that 
was not significant. 

ODC did not change in the three control patients, 
being similar to the preoperative values. 

Changes in Plasma TK Activities. TK activity did not 
begin to increase until day 3, and the increase usually 
lasted for 3 or 4 days (Fig. 2). For the whole group, the 
TK rise was significant only on day 5. 

TK did not change in the three control patients. 
Changes in Insulin and Glucagon Levels. The insulin 

levels were in the normal range before operation and 
decreased slowly during the first 4 days after hepatic 
resection. The reductions were significant at 72 hr and 
96 hr (Fig. 3). 

The average plasma concentration of IRG was four 
times normal preoperatively and was not changed 
significantly during the observation period (Fig. 3). 

The three control patients who underwent a cholecys
tectomy did not have significant changes in the glucagon 
and insulin levels (data not shown). 

Changes in Estradiol and Testosterone Levels. Seven 
of the patients were men. Their estradiol levels rose 
sharply and peaked at 48 hr (Fig. 4). The estradiol 
increases were significant (p < 0.05) 24, 48 and 72 hr 
after resection. Testosterone decreased significantly 
(p < 0.02) at 92 and 144 hr (Fig. 4). 

The six women that had partial hepatectomy had 
widely different serum estradiol levels that reflected 
their considerable variability in age (Table 2). The 
partial hepatectomy did not lead to a statistically 
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FIG. 1. Preoperative and postoperative ODC blood levels in 13 
patients undergoing major liver resection. Values are reported as 
means:!: S.D. ·Significantly different from control value, p < 0.05. 
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FIG. 2. Preoperative and postoperative TK blood levels in 13 patients 
undergoing major liver resection. Values are reported as means ± S.D. 
·Significantly different from control value, p < 0.05. 

significant change, either in the E2 or in testosterone 
plasma levels. 

None of the three patients having a cholecystectomy 
had a significant change in their serum sex hormone 
levels. 

DISCUSSION 

We have demonstrated (12) that ODC and TK plasma 
levels are a reliable mirror of what is happening in the 
liver of the rat, offering a practical and noninvasive 
method for a complete study of liver regeneration in 
humans. In the patients studied, a significant increase of 
ODC, an enzyme required for increased polyamine 
synthesis, was seen 24 hr after partial hepatectomy 
(8-10). The increase of ODC was followed 3 or 4 days 
later by a significant increase of TK, a marker of DNA 
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FIG. 3. Preoperative and postoperative insulin and glucagon blood 
levels in 13 patients undergoing major liver resection. The values are 
reported as means :!: S.D. ·Significantly different from control value, 
p < 0.05. 
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FIG. 4. Preoperative and postoperative E2 and testosterone 
levels in seven men undergoing major liver resection. 
reported as means ± S.D. ·Significantly different from control 
p < 0.05. ··Significantly different from control value, p < 0.02. 

synthesis. The sequential appearance in the blood 
ODC and TK was similar to that in animals, d.ltltenng'II.1: 
only quantitatively. It has been anticipated that such 
might be possible recently by Koch and Leffert (24). In 
rats, the rapidity with which regeneration occurs makes 
the interval short between the early activity of ODC and 
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TABLE 2. Estradiol and testosterone blood levels in women undergoing major hepatectomy 

A 

Patient no. Age 0 1 2 

6 42 91.2 116.0 99.1 
8 40 209.0 95.5 150.1 

10 54 39.7 84.8 84.6 
11 24 241.6 56.3 84.1 
12 50 82.4 95.0 36.6 
13 61 80.0 85.0 40.1 

B 

Patient no. Age 0 1 2 

6 42 0.27 0.82 0.69 
8 40 0.32 0.40 0.60 

10 54 0.5 2.62 2.51 
11 24 0.89 0.91 0.68 
12 50 0.13 0.29 0.32 
13 61 0.55 0.45 0.58 

the subsequent increases ofTK (12). The dog (4) and pig 
(5) have a slower progression of these changes, and in 
the human studies reported herein, 3 or 4 days seem to 
exist between the initial events signaled by the ODC and 
the wave of DNA synthesis measured with TK. This 
slower pace of regeneration was also reflected by the CT 
scan studies that showed that regeneration was not 
complete until 3 wk as opposed to 8 to 10 days in the rat 
(2) and 14 days in the dog (4). 

The pancreatic hormone changes observed followed a 
more protracted schedule in humans. Avid insulin
binding to hepatocytes with a subsequent decline in 
plasma insulin levels occurs within 12 hr in rats (15-16) 
but was not seen in the patients studied over 3 days. 
Hyperglucagonemia, which is seen early in animals (4), 
was not observed in the patients studied, possibly 
because the baseline glucagon levels were four times 
greater than normal, possibly as a result of the under
lying liver disease. In contrast, changes in the sex 
hormones in men occurred briskly after hepatectomy 
and were already evident within a few hours. These 
alterations in sex hormone levels were not seen in 
WOmen who already have high levels of estradiol. We 
have speculated before that for regeneration to occur in 
Inale animals, the liver must first become feminized (25). 

In this preliminary investigation no attempt to assay 
tumor growth factor activity in blood was attempted 
because no assay for substances was available to us. 
Clearly in the future an attempt to measure tumor 
growth factor in such cases would be of considerable 
interest based on the recent studies of Brenner, Koch 
and Leffert (26) and Mead and Fausto (27). 

The slow-motion nature of the regeneration process in 
~umans could make possible the separation of the 
Initiating, augmenting and permission factors that are 

Estradiol blood levels (pg/mI) 

Days before and after surgery 

3 4 5 6 7 

115.2 124.2 96.0 150.0 130.0 
240.8 220.0 148.0 108.0 121.0 

45.8 48.8 49.4 42.1 40.1 
119.3 50.0 56.5 116.0 140.0 
44.5 101.4 60.6 32.2 62.8 
50.3 70.1 72.3 48.8 70.1 

Testosterone blood levels (pg/mI) 

DaY' before and after surgery 

3 4 5 6 7 

0.58 0.70 0.57 0.47 0.38 
1.62 0.87 0.63 0.44 0.43 
2.07 1.09 1.09 1.50 1.25 
0.58 0.60 0.54 0.91 0.65 
0.31 0.36 0.48 0.48 0.21 
0.60 0.72 0.80 0.80 0.45 

required for the full expression of the regeneration 
potential. The use of the surrogate markers of regener
ation that we have used in our studies may make it 
possible to more completely characterize mechanisms of 
liver regeneration in humans. 
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