
Chapter 1 General introduction and outline of the thesis
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1Surgical treatment of colorectal liver metastases

The prevalence of colorectal cancer is among the highest of malignancies in the western 
world.1 Hepatic metastases will eventually develop in as many as 50-80% of colorectal 
cancer patients and the liver is the sole site of dissemination in 30%.2,3 When untreated, 
the presence of liver metastases is associated with a very poor prognosis.4-6 Novel 
chemotherapy regimes using oxaliplatin or irinotecan have doubled the median overall 
survival from 10 to 20 months, but still, virtually all patients will eventually succumb to 
their disease within 5 years.7-10 
Currently, surgical resection remains the only hope for cure, offering 5 and 10-year 
survival rates of 30-40% and 20-25% respectively in selected patient groups.11-14 Recent 
developments have made an increasing number of patients amenable to this potentially 
curative treatment.15-17 For instance, although approximately 10-15% of patients are 
regarded eligible for an intentionally curative resection upon presentation, oxaliplatin or 
irinotecan-based neoadjuvant chemotherapy has increased resectability rates with an 
estimated 10-15%.18-20 Moreover, multiple metastases or simultaneous resection of limited 
extrahepatic metastases is now no longer regarded as a contra-indication for hepatic 
resection, as long as an R0 resection can be achieved.21-26 Finally, due to technical advances 
(e.g. portal vein embolization27,28) and a more aggressive approach (including two staged 
resections29,30 and repeat hepatic resection31-33), an increasing number of patients may be 
offered long-term survival by partial liver resection.
Despite these advances, still many patients with hepatic metastases are not candidates for 
surgical resection because of extensive disseminated disease, an expected inadequate 
postoperative hepatic reserve or a poor medical condition. For nonresectable metastases 
confined to the liver, thermal destruction therapies, such as radiofrequency ablation 
(RFA) or laser-induced thermotherapy (LITT), have emerged as effective strategies to 
achieve tumor clearance. With 3-year survival rates of 37-58%, these treatments have 
generated encouraging results and potentially increase life-expectancy in selected 
patients.34-40 

Recurrences and the importance of residual micrometastases

Unfortunately, even after an apparently radical tumor removal or complete tumor 
destruction, the majority of patients (about two-thirds) develop recurrent disease within 
the first two years after surgery, predominantly in the liver.14,41,42 Intrahepatic recurrences 
may either develop from circulating tumor cells that are released into the circulation 
through surgical manipulation or from pre-existent microscopic tumor residues in the 
liver. In hepatic surgery, circulating tumor cells are detected peri-operatively in 15-44% 
of patients.43-45 However, the majority of circulating tumor cells have limited life-span, and 
thus, due to this metastatic inefficiency their detection is of limited prognostic value.46-50 
In contrast, residual microscopic tumor cell deposits that are undetected at the time of 
surgery are a more likely source for tumor recurrence, as they have already passed the first 
steps of the metastatic process. Intrahepatic micrometastatic colorectal cancer lesions 
are detected in 26-70% of randomly selected biopsies and are strongly associated with a 
poor outcome.51-54 Moreover, two other obvious sources for residual metastatic disease are 
micro-satellite lesions and a positive resection margin, which are both highly indicative 
for early tumor recurrence. 

In thermal destruction therapies, residual tumor tissue may be caused by incomplete 
heat-destruction, resulting in the development of local recurrences around the thermally 
induced lesion in up to 60% of treated tumors.42,55,56 Insufficient heat-diffusion at the 
tumor periphery may cause unsuccessful treatment, especially in tumors greater than 
4 centimeter or during the percutaneous approach.35,57-59 Local recurrence may also 
develop from viable tumor cells that survive around blood vessels due to the cooling effect 
of the blood stream, i.e. the ‘heat sink’ effect.60-63 
Thus, the development of recurrent disease is strongly associated with the presence of 
intrahepatic residual micrometastatic disease. The biological behavior of these 
micrometastases largely determines the time to develop recurrence, which is crucial for 
the further course of the disease and ultimately has great impact on patient survival. 

Surgery-induced tumor growth

Despite the curative intent of surgery, it has been long suggested that surgical trauma may 
enhance the outgrowth of cancer cells.64 Pre-existent micrometastases may stay dormant 
for years due to balanced apoptosis and proliferation and angiogenesis suppression,65 
until surgically induced micro-environmental stimuli may evoke their uncontrolled growth 
early in the postoperative period. The first experimental evidence of surgery-induced 
tumor growth originates from 1959 by Fisher and Fisher, showing enhanced micrometastasis 
outgrowth after subsequent relaparotomies and organ manipulation.66 Many experimental 
studies on accelerated tumor growth and clinical reports on early recurrence after surgery 
have been reported since.67-71 As neovascularization (or angiogenesis) is an integral part 
of physiological tissue repair, it has been implicated in the generation of the unfavorable 
side-effects of oncological surgery.72

Other than surgical injury and wound healing in general, some procedures related to 
hepatic surgery have been specifically associated with enhanced tumor growth and early 
tumor recurrence, such as blood transfusion and hepatectomy.73-78 This thesis focuses on 
two particular surgical interventions that may adversely affect outcome by stimulating 
tumor growth following hepatic surgery: vascular clamping and thermal destruction 
therapy. 

Vascular clamping and ischemia/reperfusion during hepatic surgery

The prime concern of hepatic surgeons is to safely perform a curative resection, without 
excessive blood loss. Intra-operative hemorrhage during hepatectomy is common, often 
necessitating blood transfusion, which is associated with unfavorable short and long-term 
outcome.73-76 Therefore, approaches to reduce intra-operative blood loss are applied 
worldwide and include vascular clamping methods.79-82 
During thermal destruction therapies, hepatic blood flow transports heat away from the 
probe resulting in a smaller lesions, known as the ‘heat sink’ effect. For this reason, 
vascular clamping is advised by many authors, as it reduces dissipation of the generated 
heat, providing increased destruction volumes and greater tumor free margins.56,83-85 
A major disadvantage of temporary vascular clamping is ischemia and subsequent 
reperfusion injury to the remaining liver parenchyma.86 The local events after ischemia/
reperfusion (I/R) that induce liver tissue damage are complex, but can grossly be divided 
in two distinct phases. In the acute phase, oxygen radicals, proteases and inflammatory 
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1cytokines are generated shortly after reperfusion and contribute to early hepatocellular 

damage.87 The late phase is characterized by an imbalance of vasoconstrictors (e.g. 
endothelin-1) and vasodilators (e.g. nitric oxide), causing microcirculatory disturbances 
and prolonged tissue hypoxia.88-91 Moreover, the accumulation of neutrophils induces 
delayed perfusion failure by plugging of the hepatic sinusoids, which further aggravates 
the ischemic damage and finally results in microscopic tissue necrosis.92 Consequently, 
I/R may contribute to postoperative liver dysfunction and morbidity. Several therapeutic 
strategies have been successfully developed to prevent liver tissue damage following 
I/R.93,94

The degree of ischemic injury largely depends on the type and duration of vascular 
occlusion and is influenced by several (patho)physiological parameters, including 
hemodynamic stability, body temperature, age, gender and the presence of underlying 
liver disease.95-100 
Several different clamping techniques have been described, each with its advantages and 
disadvantages with respect to hemodynamic stability, the duration of the procedure, the 
amount of blood loss and the magnitude of I/R damage.79-82 Although the vascular 
clamping technique used during hepatic surgery depends on the individual surgeon’s 
judgment and preference, good knowledge of all the benefits and drawbacks of the 
different techniques available is a prerequisite for appropriate individualized application 
of vascular clamping during hepatic resection and thermal ablation.

Vascular clamping techniques 
Portal triad clamping, i.e. the Pringle Maneuver, is the oldest and the simplest technique 
first described in 1909 by James Hogarth Pringle.101 The Pringle Maneuver results in 
complete arterial and portal inflow occlusion, leaving back flow from the hepatic veins 
intact. For more complex major liver resections, inflow occlusion may be combined with 
occlusion of the supra and infrahepatic inferior caval vein, resulting in total vascular 
occlusion.102,103 When caval flow is preserved, inflow occlusion combined with selective 
control of major hepatic veins results in selective vascular exclusion. In addition, selective 
hemihepatic or segmental vascular occlusion techniques have been successfully developed 
to minimize ischemic damage to the contralateral lobe. Selective clamping of the portal, 
arterial or venous flow has also been described. Portal clamping may be advantageous in 
thermal destruction techniques, as it provides an increase in lesion size, but minimizes 
ischemic injury.83,85,104,105 Finally, as a result of several advances in parenchymal transection 
devices, improved visualization of hepatic vascularization by intra-operative ultra
sonography, and the maintenance of low central venous pressure, major liver resection 
may even be performed without vascular clamping.
Vascular clamping may be applied either continuously or intermittently. Intermittent 
clamping allows the liver parenchyma to be reperfused shortly in-between clamping 
periods, which protects against ischemic damage.106-108 Moreover, the application of a 
short occlusion period before prolonged vascular clamping, called ischemic 
preconditioning, can render liver tissue less vulnerable to a sustained ischemic insult by 
triggering hepatocellular defense mechanisms.86,109,110

Peri-operative tolerance to hepatic ischemia also correlates with the duration of vascular 
occlusion. In general, occlusion periods of up to 60 minutes for continuous clamping, 
and 120 minutes for intermittent clamping can be safely performed in normal livers, i.e. 
without major postoperative morbidity or mortality.111-113

In recent years, the adverse effects of I/R resulting from vascular clamping on hepatocellular 
function have been well documented. Strikingly, the influence of I/R on the outgrowth of 
residual colorectal micrometastases has been underexposed. We performed an extensive 
systematic review among more than 1500 papers, searching for all studies comparing 
different clamping techniques and all papers describing prognostic factors of recurrence 
and survival after partial liver resection for colorectal liver metastases, and found only 
four studies evaluating long-term outcome after vascular clamping.114-117 The patient 
groups included and the clamping techniques studied were highly heterogeneous and the 
studies lacked a sufficiently detailed evaluation to draw any firm conclusion. Moreover, 
the only preclinical studies available show that I/R, when applied prior to a challenge 
with tumor cells, stimulates tumor cell adhesion and promotes the incidence of metastases 
formation.118,119 However, these studies may only be relevant for the implantation of tumor 
cells that are shed into the blood circulation during surgical manipulation. It is currently 
unknown how I/R, such as frequently encountered during liver surgery, affects the 
outgrowth of pre-existent hepatic micrometastases and how this influences the time to 
develop (liver) recurrence and survival. 
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1Outline and central questions of this thesis

The central theme of this thesis is surgery-induced tumor growth. In chapter 2, the role 
of angiogenesis (in response to tissue injury and hypoxia) in surgery-induced tumor 
growth is reviewed and its mechanistic overlap with tumor associated neovascularization 
is discussed. In this review, we also address the influence of antiangiogenic therapy on 
angiogenesis-dependent phenomena such as wound repair, healing of intestinal 
anastomoses and liver regeneration.
The impact of two key procedures in hepatic surgery on the outgrowth of micrometastases 
have been examined in detail in this work. We mainly focused on the adverse effects of I/R 
resulting from vascular clamping on the outgrowth of existent hepatic colorectal 
micrometastases (chapters 3-8). In addition, the effects of thermal destruction therapy 
on the outgrowth of perilesional micrometastastic tumor cell deposits was studied (chapter 9). 

The studies presented in this thesis were guided by the following research questions:
 
 I	 How often and to what extent are vascular clamping methods currently used by 

hepatic surgeons in and around Europe? (chapter 3) 
 II	 Does I/R resulting from vascular inflow occlusion promote the outgrowth of residual 

micrometastases in the liver and how does this affect prognosis? (chapters 4 and 5) 
 III	 How does ischemia time affect the outgrowth of micrometastases after I/R? (chapter 6)
 IV	 Are the adverse effects of vascular clamping on tumor growth influenced by age, 

gender and hepatic steatosis? (chapters 5 and 6) 
 V	 What alternative clamping methods can be used to circumvent the putative adverse 

effects of vascular clamping on tumor growth? (chapters 4 and 7) 
 VI	 What mechanisms contribute to the stimulated micrometastasis outgrowth after I/R 

and how can these be mediated by pharmacological interventions? (chapters 4 and 8) 
 VII	 Does thermal ablation, which is associated with pathophysiological events similar to 

I/R, also stimulate the outgrowth of residual tumor cell deposits and how can this be 
inhibited? (chapter 9) 

To study the effects of I/R on metastasis outgrowth a standardized murine model of partial 
hepatic I/R with pre-established colorectal micrometastases was developed (chapters 4,6-8). 
As hypotension, systemic anoxia and hypothermia all may affect I/R damage, special 
attention was paid to anesthetic management, hemodynamic stability and body 
temperature in this model. Similarly, two animal models with established colorectal 
micrometastases were used to study the effect of radiofrequency ablation and laser-
induced thermotherapy on the outgrowth of tumor cell clusters at the lesion periphery. 
Finally, the preclinical studies were strengthened by a descriptive survey (chapter 3) and 
a retrospective patient analysis (chapter 5). 
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