
Abstract. Background: Delay in the initiation of radiotherapy
after surgery is associated with an increase in local regional
recurrence. A possible mechanism might be that remaining
tumor cells proliferate significantly faster as a result of induced
angiogenic cytokines. The growth rate of tumors arising from
the inoculation of L44 tumor cells in the wound bed after
surgical removal of L44 tumors was determined. Materials and
Methods: L44 tumors growing in the flank of female BN rats
were surgically removed. In the wound bed, 5x106 L44 cells,
harvested from the in vitro cell line, were injected. L44 cells
were also injected in the contralateral flank and in control rats
with and without surgical intervention. Tumor volumes as a
function of time after injection of cells were recorded. From
the attained volume at day 7, the cell doubling time was
calculated, assuming 109 cells per cm3. Results: Tumors arising
in the wound bed had the fastest growth rate as compared to
the tumors in the contralateral flank or tumors in control rats
with or without surgical intervention. Conclusion: The results
clearly indicate accelerated tumor growth after surgical stress.
This indicates that delay in the initiation of radiotherapy after
surgery with tumor cells remaining, results in a larger tumor
burden and hence a higher probability of local recurrence.

Local recurrence of cancer after surgery is a great concern
in cancer management. Several reports revealed the
importance of the time interval between surgery and
radiotherapy in patients with breast cancers and head and
neck tumors. A possible mechanism might be that
remaining tumor cells proliferate significantly faster as a
result of induced angiogenic cytokines (1-4).
In experimental animals, increased tumor growth after

laparotomy versus laparoscopy or pneumoperitoneum was
observed (5-7). Surgical stress promoted lung tumor

metastasis (8). Connective tissue growth factor expression
together with transforming growth factor-beta and platelet-
derived growth factor are up-regulated in wound healing (9,
10). These observations led to the assumption that growth
factors, induced postoperatively, cause remaining tumor
cells to proliferate faster.
In this study, a rat tumor model was used to determine the

growth rate of tumors arising from the inoculation of L44
tumor cells in the wound bed after surgical removal of L44
tumors and of tumors arising in the contralateral flank of the
same rats after L44 cell inoculation. In addition, the growth
rate was measured of tumors arising after cell inoculation in
control animals with or without surgical intervention.

Materials and Methods

Tumors. The L44 tumor is a radiation-induced undifferentiated
carcinoma, originally diagnosed as an adenosquamous lung
carcinoma, and grows in female BN(Orl)Ico rats, (Charles River,
Maastricht, the Netherlands) with a tumor volume-doubling time of
about 4 days (11, 12). Tumors were serially propagated in the flank
of syngeneic animals. Tumor volumes (V) were measured twice per
week with callipers and were based on two orthogonal cross-
sectional diameter measurements using V=0.5a2b, with a being the
smallest diameter. The weight of the animals at an age of ~12 weeks
at the start of the treatments was about 170 g. The number of rats
used per treatment group was 2-3. The animals were housed in
Macrolon type IV cages, 4 per cage, with free access to tap drinking
water and chow. Cage enrichment was applied in the form of plastic
tunnels. The room temperature was 20-24˚C and the air humidity 40-
60%. The day/night cycle was 12/12 with lights on at 7AM.
L44 tumor cells were also grown in vitro in Minimal Essential

Medium (MEM) with 10% fetal calf serum (FCS) supplemented with
L-glutamine and gentamicin. The cell doubling time was about 24 h.

Surgical stress. Tumors were allowed to grow to a volume of ~2 cm3
and were then surgically removed. The skin was closed with surgical
clips. 5x106 L44 tumor cells in 0.5 ml medium were inoculated into
the wound bed and the contralateral flank. In the flank of surgical
control animals, a 3-cm incision in the skin was made and the skin
was detached from the underlying tissues. After closing of the skin
with surgical clips, 5x106 cells were inoculated into the wound bed
and the contralateral flank. In addition, L44 cells were inoculated
into control animals without surgical intervention. Pain relief was
obtained with injections of Temgesic on days 1 and 2.
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Tumor volumes were determined up to ~8 to 12 days after the
inoculation of L44 tumor cells.

Cell doubling time. The cell doubling time, Td(h), was calculated as
Td(h)=24xTxln2/ln(106xV7/N0) where T was the time between
inoculation of cells and measuring the tumor volume, V7(mm3) at
day seven after inoculation, T=7d; N0 was the number of cells
inoculated at T=0 (N0=5x106). It was assumed that 1 mm3 of
tumor volume contained 106 cells.

Approval. The Animal Experiments Ethical Committee of the
University Medical Center approved the experiments.

Results

After inoculation of 5x106 cells into the wound bed of the
surgically removed tumor, rapid proliferation was observed.
One week after inoculation, a mean tumor volume of 8,710
mm3 was found. The calculated cell doubling time Td in that
period was 16.49 h. In the contralateral flank of operated
animals, cell proliferation was slower than at the operated
site: a mean tumor volume of 999 mm3 at day 7 was found.
The Td of tumor cells in the period of seven days was 22.16 h.
After inoculation of cells in the wound bed of sham-

operated animals, a mean tumor volume of 1,129 mm3 was
found at day 7 after inoculation. The Td in sham-operated
animals in that period was 21.96 h. In the contralateral site
in the same animals, tumor growth was slower than at the
sham-operated site: the attained tumor volume at day 7 was
only 474 mm3 with a Td of 26.26 h.
In control animals, the mean tumor volume at day seven

after inoculation was 305 mm3 with a Td of 29.82 h.
Table I summarizes the tumor volumes attained at day

seven after inoculation of 5x106 cells, and the cell doubling
times, as well as the number of rats. Examples of growth
curves of tumors, with a growth pattern close to that of the
mean tumor volumes, are shown in Figure 1. It is clearly
shown that the largest tumor volumes were seen for the
wound sites. Tumors arising in the non-wounded control
animals had the longest lag time. In Figures 2 and 3, the
volumes attained at day 7 and the cell doubling times with
the standard deviations, respectively, are shown.

Discussion

In wound repair, cells that ordinarily divide infrequently are
induced to proliferate rapidly, extracellular matrix and
connective tissues are invaded and remodelled, epithelial
cells and stromal cells migrate, and new blood vessels are
recruited. A wound response would appear to provide a
highly favourable milieu for cancer progression (13, 14).
In mice, increased tumor establishment and growth after

laparotomy versus laparoscopy or pneumoperitoneum was
found (5). Shiromizu et al., using a murine model,
determined that laparotomy accelerated tumor metastasis

to the lung and that laparoscopy did not increase the
frequency or growth of metastasis (6). The laparoscopic
approach may suppress hematogenous metastasis to the
lung because of reduced surgical stress and reduced
cytokine response. In addition, Southall et al. showed that
both colon-26 adenocarcinoma and B-16 melanoma tumors
in a murine model grew larger after laparotomy than after
pneumoperitoneum (7). Balb/c mice, after injection with
colon-26-L5 carcinoma cells, were subjected to several
degrees of surgical manipulation. Increased surgical stress
augmented cancer metastasis via surgical stress-induced
expression of proteinases in the target organ of metastasis
(8). Inkinen et al. demonstrated that connective tissue
growth factor (CTGF) expression together with
transforming growth factor-beta (TGF-beta) and platelet-
derived growth factor (PDGF) are up-regulated in wound
healing (9). Increased PDGF released after laparotomy
stimulated systemic growth of colon-26 carcinoma in
Balb/c mice (10).
In patients with breast, and head and neck cancer, the

importance of the time interval between surgery and
radiotherapy was evaluated. Slotman et al. reported that a
delay of radiotherapy after breast conserving surgery of
more than 7 weeks could adversely affect the local tumor
control rate (1). Trotti et al. concluded that their data on
high-risk head and neck tumors support the notion that
microscopic tumor cell aggregates escaping surgical excision
repopulate rather quickly before treatment completion (2).
For advanced head and neck cancer to gain a full benefit
from treatment acceleration, the surgery-radiotherapy gap
and the overall treatment time should not exceed 6 and 10
weeks, respectively (3). Connolly et al. compared growth
rates of primary cancer and prostatic fossa recurrence after
radical prostatectomy. They concluded that tumors that
recur locally after prostatectomy appear to have a higher
proliferative rate compared to the parent tumors (4).
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Table I. Mean tumor volumes attained at day 7 after inoculation of 5x106

cells into the tumor bed (surgery site) and the contralateral site in the same
animal, at the operated site (control surgery) and contralateral site in
control animals, and the calculated mean cell doubling time Td.

Tumor at n Volume (mm3) Td (h)
at day 7

Surgery site 9 8710±5637 16.49±2.58
Contralateral 8 999±248 22.16±1.21

Control surgery 6 1129±411 21.96±2.22
Contralateral 7 474±114 26.26±2.49

Control 14 305±174 29.82±4.09

Values are means of n tumors±standard deviation.



In the present experiments, we were able to show that
tumor cells inoculated in the wound bed of animals from
which the tumor was excised had a faster growth rate
than cells inoculated in the lateral site, 16.5 h versus 22.2
h. The wounding conditions made surgically promoted
tumor growth. The same phenomenon was observed in
control animals in which an incision was made and in
which cells were inoculated versus the contralateral site,
22.0 h versus 26.3 h. In control animals, the growth rate
was the slowest, almost double of that of the cells
inoculated in the tumor bed, 29.8 h versus 16.5 h. The
tumor mass in control animals appeared later than in the
wounded rats.
The faster growth rate observed for tumor cells in the

wound bed is probably due to the abundance of cytokines
and growth factors at the site of the excised tumor. In
addition, the wound induces an inflammatory reaction,
recruiting leukocytes. These cells and growth factors have
a growth-promoting effect on tumor cells (13, 14).
Circulating cytokines and growth factors also enable
inoculated cells in the contralateral flank to grow faster,
although slower than cells in the wound bed. In the sham-
operated rats, the incision in the skin and detaching the
skin from the underlying tissues induced growth factors for
healing the wound, also enabling the cells in the wound
bed to grow faster than cells in control animals. The
induced growth factors may also have stimulated cell
growth in the contralateral site of the same animals. In
control animals without wounding conditions, growth
factors must be induced by the tumor cells themselves
which takes time, and therefore the calculated doubling
time is relatively high.
In conclusion, both experimental and clinical data

indicate that surgical stress promotes growth of inoculated

or remaining tumor cells. It indicates that a delay in the
initiation of radiotherapy after surgery may result in a
larger tumor burden and hence a higher probability of
local recurrence.
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Figure 1. Mean tumor volumes as a function of time after cell inoculation
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the operated site (control surgery), C, and the contralateral site, D; cells
inoculated into control animals, E.

Figure 3. The calculated mean cell doubling times (± standard deviation)
after cell inoculation. Cells inoculated into the tumor bed (surgery site),
A, and the contralateral site in the same animal, B; cells inoculated into
the operated site (control surgery), C, and contralateral site, D; cells
inoculated into control animals, E.
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