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Chapter 1
GENERAL INTRODUCTION

7

GENERAL INTRODUC TION
C olorectal liver metastases – current treatment options
Colorectal metastases are a common burden for colorectal cancer (CRC) patients;
up to half of these patients develop liver metastases [1], [2]. Around 85% of
colorectal liver metastases (CLM) are discovered in the first year after diagnosis [3]
and in case of synchronous CRC metastases around three-quarters of them are
confined to the liver only [4]. If left untreated, most patients will not survive for
more than several months [5]. In patients who are eligible for surgical resection,
the five-year survival rate can reach up to 70% in patients with solitary lesions, and
overall survival rate is around 40% [6], [7]. Up to a third of patients can be ‘cured’
by resection with or without adjuvant chemotherapy (10-year survival rate of 12 36% [8], [9].
The liver is the largest solid organ in the human body, contributing about 2% of
the total body weight and processes large volumes of blood as the venous return
from the bowel passes all through the liver. At any given time it holds about 10%
of the total blood volume, which can be expanded up to 20% in case venous
pressure rises (e.g. in cardiac failure). The liver has a variety of functions;
carbohydrate metabolism (e.g. gluconeogenesis), protein metabolism (e.g.
albumin and urea formation), storage function (e.g. vitamins and iron), and
detoxification (e.g. drugs, hormones and bacteria) [10]. It also has two remarkable
features; there is a tremendous overcapacity for most liver functions and a
significant regeneration capacity. These features are of utmost importance for the
surgical treatment of liver metastases, because they make it possible to resect up
to 75% of a normal liver [11].
When feasible, radical resection of colorectal liver metastases results in the best
long-term survival rates. However, surgical resection is only feasible in a minority
of the cases (< 20%) due to extensive liver disease, extra-hepatic disease or comorbidity precluding a safe surgical resection [12], [13].
Initially unresectable CLM can become resectable after response to systemic
treatment in approximately 40% of patients and up to 8% of patients have a
complete radiological response. In up to 80% there are remaining vital tumor cells
present, making a proper resection equally important [13]–[16]. If patients become
resectable, median disease-free survival (DFS) is still significantly shorter
compared to the initially resectable patients [15], [17]. This is most likely due to
the tumor biology and more extensive disease load. Next to the essential
downsizing effect of systemic treatment, which may convert unresectable disease
to resectable disease, there is also a downside of this approach. Tumor shrinkage,
or tumor vanishing, result in less clearly palpable tumor during surgery, making a
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radical oncological resection challenging. Another option for patients with
unresectable liver lesions is local treatment by radiofrequency ablation (RFA).
Progression free survival (PFS) and overall survival (OS) are significantly improved
for patients treated with RFA (with or without resection) in combination with
systemic therapy compared to systemic therapy alone (5-year OS 43.1% vs.
30.3%) [18], [19].
As with the local treatment of colorectal liver metastases (resection or ablation)
there is also debate on the benefit and timing of systemic therapy [12], [13], [20].
The most recent randomized controlled trial (RCT) on the use of perioperative
chemotherapy in resectable CLM is the EPOC trial [21]. This study found a PFS
benefit, but not an OS benefit for chemotherapy-treated patients, at the cost of a
significantly higher complication rate (25% vs. 16%). Wang et al. [20]reached a
similar conclusion; in his meta-analysis of 10 trials on perioperative systemic
therapy they found a DFS benefit only, without an OS benefit for perioperative
systemic treatment. Sorbye et al. suggested that there may be a place for
neoadjuvant systemic therapy for selected patients with resectable CLM (i.e. best
performance status or elevated CEA levels) [22]. While the biggest drawback for
upfront systemic therapy is that some of these patients (7-37%) progress under
treatment resulting in much worse outcome [23].
In this thesis we will address several topics of debate in the treatment of colorectal
liver metastases such as the use of RFA in (un)resectable CLM, quality
improvements for current surgical treatments (RFA and resection) and the
influence of chemotherapy on local immune response to CLM. Finally we suggest
a framework for overall quality improvements for future surgical trials.
Radiofrequency ablation
Radiofrequency ablation (RFA) is currently the most used ablation technique for
unresectable CLM. It can be used alone or as an adjunct to resection and results
in improved PFS and OS rates compared to systemic therapy alone (resp. 3-year
PFS of 27.6 vs. 10.6% and 5-year OS of 43.1% vs. 30.3%) [18], [19]. The RFA
technique is based on a high-frequency alternating current, which induces
frictional heating when the ions in the tissue attempt to follow the changing
directions of the alternating current, reaching temperatures between 60 - 100
degrees Celsius resulting in thermal cytotoxicity, i.e. tissue coagulation.
Temperatures above 60 degrees Celsius induce protein denaturation and cell
membrane rupture, resulting in irreversible tissue damage [24]. RFA is well studied
and widely used in solid tumor ablations. Other ablative techniques include
microwave ablation (MWA), high-intensity focused ultrasound (HIFU), cryoablation,
stereotactic body radiation therapy (SBRT) and laser-induced interstitial
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thermotherapy (LITT). Except for SBRT, which uses radiation, these techniques are
all based on thermal cytotoxicity. MWA is a promising, relatively new technique
that uses electromagnetic energy (900 – 2500 mHz) delivered via a probe
reaching temperatures >100 degrees Celsius. The advantages of MWA over RFA
are that it produces a consistently higher intra-tumoral temperatures, resulting in
larger tumor ablation volumes, lower recurrence rates, faster ablation times and
less procedural pain (in case of percutaneous approach) [25], [26] with similar
complication rate [27]. HIFU is a new non-invasive technique that focuses
ultrasound waves resulting in similar heat-induced tissue coagulation, although it
is still in its experimental stage and there are no trials comparing HIFU with RFA or
MWA. Cryoablation uses liquid nitrogen or oxygen to freeze the tumor up to -30
degrees Celsius. It has lost popularity in the last decades due to higher local
recurrence rates and a rare, but potentially deadly complication; postprocedural
cryoshock, in which remnant of tumor cells are released into the patients’ system.
SBRT and LITT are new techniques that gain in popularity and seem to give
promising results, but inherent to a new technique, large trials and long-term
outcome are lacking.
A review of Mulier et al. showed RFA is safe to perform (depending on the
approach). The complication rate for percutaneous, laparoscopic and simple open
surgery is similar (resp. 7.2 – 9.5 and 9.9%), while complication rates can reach
31.8% for more extensive RFA procedures combined with hepatic or extrahepatic
resections [28]. The ablation probe is placed under radiological guidance and
theoretically it can ablate tumors up to 3 to 6 cm in a single session depending on
the device (single vs. multiple needles). Considering the need for a 0.5 - 1.0 cm
healthy liver tissue margin and the possible errors in correct placement of the
probe increasing local recurrence rates have been reported in lesions >3 cm [29],
[30]. Local recurrence (LR) rates are also dependent on the approach; i.e.
percutaneous, laparoscopic or open surgical procedures. Surgical RFA procedures
report the lowest LR rates (3.6% - 14%), while percutaneous ablations vary
between 16% - 60% depending on number of lesions, size, location and local
experience [31]–[34].
There are different guidance techniques for percutaneous RF ablations. It can be
performed using ultrasound, CT or MRI guidance. Percutaneous RFA procedures
with conventional ultrasound (US) guidance show a much higher local recurrence
rate compared to surgical RFA procedures, even in smaller tumors [30]. These
results should be interpreted with caution since we know that percutaneous
conventional ultrasound-guided RFA ablations are inferior to contrast-enhanced
US (CEUS), CT-guided or MRI-guided RF ablations [35]–[37]. Complete ablation
rate of CEUS-guided ablations approaches that of the CT and MRI-guided
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ablations (88 vs. >95%). Recurrence rates with these new imaging techniques are
still higher than after surgical RFA procedures [38], [39].
Surgical RFA procedures are more invasive, but have certain advantages over
percutaneous RFA. During surgery the surgeon can protect vital organs from the
generated heat (e.g. duodenum, colon) and if needed, needle relocation is easier
and more accurate [40]. Not only local recurrence rates are lower during surgical
procedures, but also non-local recurrence rates are lower as surgery allows for
superior exposure of the liver and surrounding organs. This reveals new lesions in
up to a third of cases, that can be treated in the same session with an additional
resection or RF ablation [41], although the majority of these patients did not
receive a preoperative MRI scan, which most likely would lower these numbers.
Generally reported LR rates of RFA are significantly higher compared to resection.
These rates cannot be directly compared, as patient characteristics are very
different. RFA is used for unresectable patients (e.g. too extensive liver disease or
unfavorable lesion location), while surgical resection is reserved for resectable
patients (e.g. limited disease and more favorable location). Nonetheless, the
lowest reported LR rates for open surgical RFA procedures (usually small solitary
lesions) are in the same range as for surgical resection, resp. 3.6% - 14% vs. 3.8% 10.4% [29], [34], [42]. This raises the question of whether in small CLM (< 3 cm) the
LR rates of surgical RFA can reach the LR rates of hepatic resection.
Unfortunately, there are no randomized controlled trials comparing surgical RFA
procedures to resection as currently RFA is seen as a suboptimal treatment for
resectable CLM due to the reported higher local recurrence rates. Available trials
are non-randomized cohort studies that compare unresectable lesions treated by
RFA to resectable lesions treated by hepatic resection, making an unfair
comparison. In this thesis we investigate the local recurrence rates between
surgical RFA procedures and resections of CLM for small CLM (chapter 2).
In theory an ablation or resection should always be radical and/or complete and
local recurrence rates should not exist. Daily practice teaches us that this is not the
case. A well-known clinical issue using RFA is that the heat-induced tissue
coagulation is susceptible to the heat-sink phenomenon when blood flow through
adjacent large vessels cools the local temperature. The shape and size of the
ablation may therefore be unpredictable, resulting in an increased risk of residual
unablated tumor cells and a subsequent local recurrence (as there is no accurate
real-time monitoring technique available). As described above, there remains
around a 10% chance of disease recurrence at the treatment site after surgical
RFA procedures, depending on size and location. There is a need for better
quality control of RFA and resection. In this thesis we investigate whether spectral
tissue sensing can aid in accurate tissue identification.
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Spectral tissue sensing
Today high resolution contract-enhanced CT and MRI are part of the standard
workup for patient with CLM. Tumor size and location is known in detail
preoperatively. However, during surgery the surgeon is still largely dependent on
the manual feedback and simple ultrasound to locate the targeted lesion. This is
however not as precise as the preoperative imaging resulting in possibly an
incomplete tumor resection/ablation or resection/ablation of too much healthy
liver tissue.
In recent years optical spectroscopy or spectral tissue sensing (STS) has been
introduced into clinical practice for in vivo tissue identification purposes. STS is a
light-based technique that uses the absorption and reflection properties of a
tissue after being exposed to a selected band of light. STS can identify tissue
types by collecting the emitted light and thereby measuring the specific amount
of absorption and reflection that the light has undergone in the examined tissue.
This gives a unique tissue-specific pattern, i.e. an optical fingerprint. STS can be
used in benign and malignant tissue and can be used in a non-invasive manner
(e.g. skin measurements), minimally invasive (e.g. percutaneous) or during surgery.
For the (minimal) invasive approach, the technique is incorporated into the tip of a
needle. Optical fibers with a diameter of 200 micrometer are incorporated into
the tip of a 14-gauge needle; a light source and two collector fibers for diffuse
reflectance spectroscopy (DRS) and fluorescence spectroscopy (FS).

Figure 1. Schematic overview of two optical spectroscopy techniques. (A) DRS: a broadband light
spectrum is emitted into the tissue and the spectrum of the reflected light is dependent on absorption
and scattering interactions within the target tissue. (B) FS: a narrow spectrum band of light is emitted
and causes auto- fluoresce by tissue fluorophores. DRS: Diffuse reflectance spectroscopy; FS:
Fluorescence spectroscopy. Image courtesy of D.J. Evers (future Oncology. 2012; 8(3):307-20).
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Visible light spectrum for the human eye ranges from 390 - 700 nm. DRS, the most
commonly used STS technique, uses a broadband white light source ranging from
360 - 2500 nm. This gives us therefore additional information from the nearinfrared spectrum. The emitted light undergoes absorption and scattering in the
probed tissue (see figure 1). Depending on the tissue characteristics the specific
wavelengths of light are absorbed resulting in a specific reflectance spectrum for
that tissue. Light absorption in liver tissue is mainly due to hemoglobin
(oxygenated and deoxygenated) and bile in the visible light spectrum (400 - 700
nm), and water and fat in the near infrared light spectrum (> 700 nm). These
chromophores are important for the tissue identification.
FS uses a narrow band light source (377 nm) and utilizes the auto-fluorescence
properties of some elements in the tissue. Light of a specific wavelength is
emitted and specific fluorophores like elastin, collagen, nicotinamide adenine
dinucleotide (NADH) and flavin adenine dinucleotide (FAD) can be measured.
Tissue alterations, due to e.g. malignant tissue, show altered fluorophore
concentrations. During the FS measurements, the emitted fluorescent light has to
travel through the tissue and before it can be collected it is subjected to
scattering and absorption. Therefore during the FS measurements, also DRS
measurements need to be taken in order to correct for the scattering and
absorption artifacts.
The clinical advantage of STS over other imaging modalities (like US) or
histopathology is that STS can give real-time accurate information on tissue
diagnosis, whereas the other modalities are either less accurate or take at least
several days to process. In this thesis we investigate whether STS integrated at the
tip of a needle can be utilized to help the surgeon accurately monitor and identify
real-time the ablation margin in order to ensure a complete tumor ablation (e.g. at
critical points of interest near large vessels that could induce a heat-sink
phenomenon) (chapter 3 and 4). We also investigate whether STS could similarly
be utilized during hepatic resections in the era of neoadjuvant chemotherapy (e.g.
to identify possible residual tumor at critical points of interest (chapter 5).
Peritumoral immune response
Surgical resections and chemotherapy have been the cornerstones in the
treatment of patients with CLM. New modalities are being developed in order to
further extend patient treatment and outcome. One of the relatively new systemic
therapies is directed at enhancement of our own defense systems, the immune
response. For more than 30 years we have known the immune system plays an
important role in CRC survival. House et al. in 1979 showed that patients with a
systemic or peritumoral enhanced leucocyte immune response after surgery for
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CRC had a better overall survival [43]. Several mechanisms and cells have been
identified to possess anticancer properties (e.g. cytotoxic and memory T-cells),
while others are immune suppressive and mainly result in poor outcome (e.g.
regulatory T-cells) [44], [45]. However there are conflicting reports on some
immune cells in different solid tumors (e.g. CD8+ T-cells cells are associated with
prolonged survival in metastatic colon cancer, but reduced survival in renal cancer)
[46]. Other reports show the significance of a local immune response, e.g. Galon
et al. [47] showed that tumor-infiltrating lymphocytes in colorectal cancer are
associated with an improved DFS and OS. This could potentially be more relevant
for prognosis than conventional UICC-TNM classification, as patients with a stage
IV CRC with a ‘high’ peritumoral immune response had a better DFS than patients
with stage 1 disease and a ‘low’ peritumoral immune response. Next to these
tumor-infiltrating lymphocytes, other immune cells have been associated with
colorectal cancer as well, e.g. macrophages and mast cells [48]–[51].
Currently an increasing number of patients receive (neo-)adjuvant chemotherapy
[52]. FOLFOX (5-FU with leucovorin and oxaliplatin) has a central role in the
adjuvant treatment of metastatic colorectal cancer. Next to an immune
suppressive effect (neutropenia), it also has an immune stimulating effect on the
peritumoural immune response [53], [54]. 5-FU may have a proinflammatory effect
by inducing heat-shock proteins that are involved in both the innate and adaptive
immune responses. This facilitates antigen uptake and subsequent crosspresentation of tumor antigens to various immune cells, thereby stimulating a
coordinated immune response [55]. Also, murine studies show oxaliplatin has a
synergistic effect with an intact immune system as immune-competent mice
showed more tumor growth inhibition with oxaliplatin treatment compared to
immune-incompetent littermates [54]. Several mechanisms, suggested by Zitvogel
et al. [53], [54], could be responsible for this enhanced immune response.
Chemotherapy-induced transient lymphopenia could stimulate the production of
more tumor-specific T-cells, thereby eradicating inhibiting regulatory T-cells and
tumor-induced T-cell signaling defects, resulting in an increased CD8+ T-cell
tumor homing and activity. Also improved (cytotoxic) tumor cell death may lead to
more antigen presentation and improved immune response priming.
For primary cancers (e.g. ovarian, breast and colon) an immune response is
associated with an improved outcome [44], [47], [56]. This is not as clear for liver
metastases of colorectal cancer. Moreover, the effect of chemotherapy on a local
immune response in CLM is unknown. There have been studies on immune
responses in CLM, concerning various types of immune cells at various locations in
and around the CLM [45], [57]–[64]. Generally, higher densities of these immune
cells is associated with an improved outcome, however these studies are not
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comparable due to their heterogeneity of immune cells, locations and diverse
regimens of systemic treatment.
Recently it has been shown that an improved immune response (i.e. high densities
of CD3+, CD8+ and granzyme B+ T-cells) at the tumor invasive margin of colorectal
liver metastases is associated with response to chemotherapy (RECIST) and longer
PFS and OS rates [62]. Whether this prolonged survival is a direct result of the
improved immune response or solely attributed to systemic therapy is unknown as
all patients received neoadjuvant treatment.
Clearly the complexity and extent of tumor immunomodulation is still not fully
understood. In chapter 6 we investigate the distribution and possible benefit of a
local immune response in relation to chemotherapy in patients with resectable
CLM treated with and without perioperative FOLFOX chemotherapy.
Quality assurance in surgical trials
In this thesis we will discuss new techniques and treatment modalities for
improving the care for patients with colorectal liver metastases. We know that the
introduction of new techniques is often slow as patients’ lives are at stake and
surgeons can be reluctant to start with ‘experimental’ treatments when current
techniques have historically proven themselves. In 1996 Richard Horton, the editor
of The Lancet wrote a short commentary on the shortcomings in surgical research,
titled “Surgical research or comic opera: questions but few answers” [65].
Together with Richard Smith, the editor of the British Medical Journal [66], they
ventilated their concerns on the scarcity and low quality of surgical trials.
Randomized controlled trials in surgery are rare and the majority of publications
are case studies, unfortunately “without confident conclusions”. A review of
Menezes et al. on the trials published on clinicaltrials.gov confirms these
observations; only a minority of trials concern surgery (10.5%), and less than 1%
are actual RTCs [67].
In addition surgical quality assurance is often lacking. As described before, local
recurrence rates for surgical procedures for CLM, like RFA and hepatic resections
vary significantly. Similarly, comparing large RCTs around the globe purely on the
surgical outcome, a striking fact becomes obvious: survival varies between
surgical trials on the same disease. For example there is a tremendous difference
in the 3-year survival rate in gastric cancer patients comparing the results of a
Japanese trial and a European trial [68], [69]. With almost identical patient and
tumour characteristics (except for race), the 3-year survival for surgery alone was
70% in Japan compared to 57% in Europe. Although the reported surgical
procedures were similar (mainly D2 lymphadenectomy resections), the difference
is most likely due to the quality of the surgical technique. Putting this 13%
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difference in context; in the last decades successful clinical trials for adjuvant
systemic treatment show a significant decrease in absolute survival benefit (benefit
as low as 3% - 5%) at rapidly escalating costs [70]. Surgical quality improvement is
therefore more important than any adjuvant systemic therapy, and also more costefficient.
The Dutch colorectal cancer group has shown with the TME trial that surgical
quality improvement in rectal cancer using the total mesorectal excision (TME)
technique with quality control by specially trained instructor surgeons resulted in
significantly lower local recurrence rate [71], [72]. The importance of surgical
quality has been shown in colon and ovarian cancer as well [73], [74]. Quality
assurance in surgical trials plays a key role in improving surgical quality. Consistent
trial definitions, data collection and reporting are cornerstones in improving
surgical techniques.
In the chapter 7 of this thesis we investigate surgical trials performed by the
EORTC and identify surgical parameters that could improve the quality of surgical
trials. We use these parameters and suggest a standardized surgical framework for
future surgical trials.
This thesis
The goal of this thesis is to further improve the care of patients with colorectal
liver metastases. This thesis is divided in four parts. In the first part we address the
reported higher local recurrence rates of RFA procedures compared to surgical
resections of CLM. In the second part we introduce STS into clinical practice and
investigate whether STS can play a role in monitoring and quality control for both
RFA procedures and resections of CLM. In the third part we discuss non-surgical
quality improvements. We investigate whether a local immune response is
associated with patient outcome in patients with resectable CLM and whether this
is influenced by chemotherapy. Next, we discuss quality improvements in surgical
trials and examine surgical (quality) parameters in RCTs performed by the EORTC
and propose a surgical chapter for future trials. The final part of this thesis
contains a general discussion and future perspectives.
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SUMMARY
Colorectal cancer is the most common form of cancer and the 2nd most frequent
cancer related death in Europe. Up to half of patients with colorectal cancer
develop liver metastases during their lifetime. This thesis concerns quality
improvements in care of patients with colorectal liver metastases.
The first chapter is a general introduction and overview of the care for patients
with colorectal liver metastases (CLM), the implementation of spectral tissue
sensing in treatment of CLM and the importance of quality assurance in surgical
trials. The treatment approach of patients with resectable liver metastases differs
from those with unresectable liver metastases. Unresectable metastases can be
treated by chemotherapy in combination with local ablative procedures, where
radiofrequency ablation (RFA) is the most frequently applied technique. Currently,
RFA is only used for patients with unresectable CLM, due to an increased local
recurrence rate compared to resection. Although quality improvements (more
experience, better imaging and next generation probes) have resulted in lower
local recurrence rates, generally RFA remains for most doctors an unacceptable
alternative for patients with resectable CLM based on those historical studies. In
chapter 3 we describe the local recurrence rates of RFA and resection of patients
with CLM enrolled in two randomized controlled trails performed by the European
Organisation for Research and Treatment of cancer (EORTC). In these welldocumented patient groups we saw that the local recurrence rate per patient was
higher for RFA compared to resection due to the more advanced disease status of
the RFA treated patients. These unresectable patients had a higher median
number of metastases compared to the resectable patients (4 vs. 1). Local
recurrence rate per lesion did not differ between resection and RFA, emphasizing
the need for future randomized trials on resection and RFA in resectable patients.
In chapter 4 and 5 we describe two translational studies where we use spectral
tissue sensing (STS) integrated at the tip of a needle during routine RFA
procedures for patients with CLM. STS is a relatively new technique that uses the
individual tissue properties of reflectance and absorption of light in order to
characterize a tissue (‘optical fingerprint’). Integrated at the tip of a needle, STS
can be used to probe and investigate tissue at locations where visual or manual
feedback is not possible, e.g. centrally in the liver, and possibly could improve the
local control of a RFA procedure. In chapter 4 we have investigated whether STS
could detect the heat-induced changes of tissue during and after RFA procedures
in order to find a spectral marker for irreversible tissue damage. First we have
investigated these changes in human blood samples and continued our study
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during ex vivo and finally in vivo measurements during routine RFA procedures for
patients with CLM. We have shown STS could be used safely in vivo, and it could
reliably determine tissue coagulation. In chapter 5 we have investigated the STS
technique into clinical practice and used the STS needle during eight routine
surgical RFA procedures for CLM. STS measurements were taken at the edges
and in the tumor tissue and correlated to histological biopsies of these sites.
Radiological markers were also placed for follow-up CT scans in order to evaluate
whether the STS measurements were actually taken in the ablation zone. We have
shown that STS could accurately differentiate (>96% accuracy) ablated tissue from
non-ablated tissue (regardless whether it was tumor tissue or liver tissue). In a
subset of patients continuous STS measurements were taken. It showed that there
was no interference of the STS measurements due to the RFA procedure and also
that the change in spectrum over time correlated well with the histological degree
of thermal tissue damage using nicotinamide adenine dinucleotide diaphoresis
(NADH staining). In chapter 6 we have investigated whether STS could be useful
during routine hepatic resections for CLM. Similar to our previous described
study, the STS measurements were taken inside and around the tumor and were
correlated to histology. It showed STS could accurately identify and differentiate
normal liver tissue from tumor tissue (sensitivity 95%, specificity 92%) and that bile
was the most discriminative parameter. Moreover, pretreatment with systemic
therapy did not hamper the diagnostic accuracy. In chapters 4 to 6 we have shown
that STS, integrated at the tip of a needle, can accurately identify and discriminate
tumor tissue and ablated tissue from normal liver tissue and could therefore be a
useful technique for further quality improvement for both resection and RFA of
patients with CLM.
It has been known for decades that our own immune system plays an important
role in cancer recurrence and survival. Several studies in colorectal cancer and
CLM show immune cells (e.g. lymphocytes) in the tumor or at the tumor border
are associated with prolonged progression free survival (PFS) and overall survival
(OS). In recent years there have been multiple studies on perioperative
chemotherapy for patients with CLM, however there are no studies on the effect
of chemotherapy on this (peri)tumoral immune response. In chapter 7 we
conducted a study on the peritumoral immune response of 82 patients included in
the EORTC EPOC trial (resectable CLM treated with or without perioperative
FOLFOX chemotherapy). In our two patient groups (38 chemo vs. 44 chemo-naïve
patients) we have investigated 6 types of immune cells (CD3+, CD4+ and CD8+
lymphocytes, B-lymphocytes, macrophages and mast cells) in three zones around
the tumor border (normal liver tissue, at the tumor border, and tumor tissue). We
have investigated the absolute number of immune cells and correlated it to
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pathological response to chemotherapy and PFS. Our study showed that
lymphocytes (CD3+ and CD4+) and macrophages were the most common immune
cells overall. Higher densities of CD3+ lymphocytes at the tumor border and mast
cells inside the tumor are associated with increased PFS. Chemotherapy treated
patients had significantly higher densities of CD3+ lymphocytes and mast cells
inside the tumor and less CD4+ lymphocytes and macrophages in the surrounding
normal liver tissue as well as less macrophages at the tumor border. Similarly,
higher densities of CD3+ lymphocytes inside the tumor and mast cells overall was
correlated with pathologic response to chemotherapy according to the ‘tumor
regression grade’ (TRG) scoring system. Concluding (1) chemotherapy seems to
positively influence a peritumoral immune response and (2) a specific peritumoral
immune response is associated with improved PFS. This increase in PFS could
partly be assigned to the chemotherapy-induced immune response.
In this thesis we investigate several aspects on quality improvement in care for
patients with CLM. In general, quality assurance (QA) in scientific trials is an
essential aspect in improving care as change in medical practice can only be
achieved by high quality scientific trials. C hapter 8 concerns a study on the
assessment of quality assurance in surgical trials, where we investigate surgical
parameters reported in trials performed by the EORTC and develop a QA
framework for future surgical trials. Fifty-one EORTC trials that included any kind
of surgery, conducted between 1980 and 2013 were included in this review.
Protocols, case record forms (CRF) and final publications were reviewed for
surgical parameters and compared between eras (80-ies, 90-ies and 2000-2013).
Surgical trials varied from a true surgical comparison (comparison of 2 surgical
techniques or comparison of surgery vs. no surgery) and non-surgical comparisons
where surgery was part of the protocol, but not subject of investigation or surgery
was optional. Overall in more than 90% of protocols the surgical technique was
described, but over the years a trend of more detailed description was seen (e.g.
surgical technique, resectability and margins). However important surgical
parameters, like reasons for unresectability, reoperation or other surgical
complications were not consistently described, collected or published. The lack of
a standardized surgical chapter and not enough surgeons participating in protocol
development could account for these inconsistencies. We have developed a
standard surgical chapter template for future surgical trials in which important
(surgical) perioperative parameters and aspects for quality assurance are
described. With this surgical chapter we hope to further improve the quality of
surgical trials en subsequently future patient outcome.
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SAMENVATTING
Colorectale kanker is de meest voorkomende vorm van kanker en de op één na
meest voorkomende doodsoorzaak door kanker in Europa. Tot de helft van de
patiënten met colorectale kanker ontwikkelt levermetastasen gedurende hun
leven. Dit proefschrift gaat over kwaliteitsverbeteringen in de zorg voor patiënten
met colorectale levermetastasen.
Het eerste hoofdstuk geeft een algemene inleiding en overzicht van de zorg
voor patiënten met colorectale levermetastasen (CLM), de implementatie van
spectrale weefselidentificatie bij de behandeling van CLM en het belang van
kwaliteitswaarborging bij chirurgische onderzoeken. De behandeling van
patiënten met resectabele levermetastasen verschilt van die met niet-resectabele
levermetastasen. Niet-resectabele metastasen kunnen worden behandeld door
chemotherapie in combinatie met lokale ablatieprocedures, waarbij
radiofrequente ablatie (RFA) de meest toegepaste techniek is. Momenteel wordt
RFA alleen gebruikt voor patiënten met niet-resectabele CLM, vanwege een
verhoogd lokaal recidiefpercentage in vergelijking met resectie. Hoewel
kwaliteitsverbeteringen (meer ervaring, betere beeldvorming en vernieuwde RFA
apparatuur) heeft geresulteerd in lagere lokale recidiefpercentages, blijft RFA bij
patiënten met resectabele CLM voor de meeste artsen een onaanvaardbaar
alternatief op basis van oude studies. In hoofdstuk 3 beschrijven we de lokale
recidiefpercentages van RFA en resectie bij patiënten met CLM die deel hebben
genomen in twee gerandomiseerde studies uitgevoerd door de Organisation for
Research and Treatment of cancer (EORTC). In deze goed gedocumenteerde
patiëntengroepen zagen we dat het lokale recidiefpercentage per patiënt hoger
was voor RFA vergeleken met resectie vanwege de meer geavanceerde
ziektestatus van de met RFA behandelde patiënten. Deze niet-resectabele
patiënten hadden een hoger gemiddeld aantal metastasen vergeleken met de
resectabele patiënten (4 tegen 1). Lokaal recidiefpercentage per laesie verschilde
echter niet tussen resectie en RFA groep. Dit benadrukt de noodzaak van
toekomstige gerandomiseerde onderzoeken die resectie vergelijken met RFA bij
resectabele patiënten.
Hoofdstuk 4 en 5 beschrijven twee translationele onderzoeken waarbij we
spectrale weefselanalyse (spectral tissue sensing - STS) integreren in de punt van
een naald tijdens routine RFA-procedures voor patiënten met CLM. STS is een
relatief nieuwe op licht gebaseerde techniek die de reflectie en absorptie
eigenschappen van weefsel gebruikt om het te karakteriseren ('optische
vingerafdruk'). Geïntegreerd in de punt van een naald kan STS worden gebruikt
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om weefsel te analyseren op locaties waar visuele of manuele feedback niet
mogelijk is (bijvoorbeeld centraal in de lever) en of hiermee de lokale controle van
een RFA procedure zou kunnen worden verbeterd. In hoofdstuk 4 hebben we
onderzocht of STS de door warmte geïnduceerde weefselveranderingen tijdens
en na RFA procedures kon detecteren. Eerst hebben we deze veranderingen in
menselijke bloedmonsters onderzocht en onze studie voortgezet tijdens ex vivo
en later in vivo metingen tijdens RFA procedures voor patiënten met CLM. We
hebben aangetoond dat STS veilig in vivo kan worden gebruikt en dat het op
betrouwbare wijze weefselablatie kan bevestigen. In hoofdstuk 5 hebben we de
STS techniek onderzocht tijdens acht chirurgische RFA procedures voor CLM. STS
metingen werden aan de randen en in het tumorweefsel verricht en gecorreleerd
aan weefselbiopsieën. Radiologische markers werden geplaatst voor follow-up
CT-scans om te evalueren of de STS metingen daadwerkelijk in de ablatiezone
werden uitgevoerd. We hebben aangetoond dat STS zeer nauwkeurig (>96%
nauwkeurigheid) geableerd van niet-geablateerd weefsel kan onderscheiden
(ongeacht of het tumorweefsel of leverweefsel was). In een kleine groep patiënten
werden continue STS metingen uitgevoerd. Dit toonde aan dat er geen
interferentie was in de STS metingen als gevolg van de RFA procedure.
Vervolgens toonde histologisch onderzoek met behulp van nicotinamide-adeninedinucleotide-diaforese (NADH-kleuring) aan dat de verandering in het gemeten
spectrum goed correleerde met thermische weefselbeschadiging (ablatie). In
hoofdstuk 6 hebben we onderzocht of STS bruikbaar kan zijn tijdens
leverresecties voor CLM. Net als bij onze eerder beschreven studie, werden de
STS metingen in en rondom de tumor uitgevoerd en werden ze gecorreleerd aan
histologie. We hebben laten zien dat STS nauwkeurig leverweefsel kan
identificeren en differentiëren van tumorweefsel (sensibiliteit 95%, specificiteit
92%) en dat gal de meest onderscheidende parameter was. Eventuele
voorbehandeling met systemische therapie belemmerde de diagnostische
nauwkeurigheid niet. In de hoofdstukken 4 t/m 6 hebben we aangetoond dat STS,
geïntegreerd op de punt van een naald, tumorweefsel en geablateerd weefsel
nauwkeurig kan identificeren en onderscheiden van normaal leverweefsel en
daarom een bruikbare techniek kan zijn voor verdere kwaliteitsverbetering voor
zowel resectie als RFA behandeling van patiënten met CLM.
Het is al tientallen jaren bekend dat ons eigen immuunsysteem een belangrijke rol
speelt bij het terugkeren en overleven van kanker. Verscheidene studies in
colorectale kanker en CLM tonen aan dat immuuncellen (bijvoorbeeld lymfocyten)
in een tumor of op de grens van een tumor zijn geassocieerd met verlengde
progressievrije overleving (progression free survival - PFS) en totale overleving
(overall survival - OS). De afgelopen jaren zijn er meerdere onderzoeken geweest
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naar perioperatieve chemotherapie voor patiënten met CLM, maar er zijn geen
studies naar het effect van chemotherapie op deze tumor immuunrespons.
Hoofdstuk 7 beschrijft een onderzoek uitgevoerd naar de peritumorale
immuunrespons van 82 patiënten die deelnamen aan de EORTC EPOC studie
(resectabele CLM behandeld met of zonder perioperatieve FOLFOX
chemotherapie). In onze twee patiëntengroepen (38 chemo vs. 44 chemo-naïeve
patiënten) hebben we 6 soorten immuuncellen (CD3+, CD4+ en CD8+ lymfocyten,
B-lymfocyten, macrofagen en mestcellen) onderzocht in drie zones in en rond de
tumor (normaal leverweefsel, op de tumorgrens en in de tumor). We hebben het
aantal immuuncellen onderzocht en gecorreleerd aan de pathologische respons
op chemotherapie en PFS. Onze studie toonde aan dat lymfocyten (CD3+ en
CD4+) en macrofagen in het algemeen de meest voorkomende immuuncellen
waren. Hogere dichtheid van CD3+ lymfocyten aan de tumorgrens en mestcellen
in de tumor is geassocieerd met een verhoogd PFS. Chemotherapie behandelde
patiënten hadden significant hogere dichtheden van CD3+ lymfocyten en
mestcellen in de tumor en minder CD4+ lymfocyten en macrofagen in het
omliggende normale leverweefsel, evenals minder macrofagen op de tumorgrens.
Hogere dichtheden van CD3+ lymfocyten in de tumor en mestcellen in het
algemeen zijn gecorreleerd met een pathologische respons op chemotherapie
volgens het 'tumor regression grade' (TRG) scoresysteem. Conclusie (1)
chemotherapie lijkt een peritumorale immuunrespons positief te beïnvloeden en
(2) een specifieke peritumorale immuunrespons is geassocieerd met een
verbeterde PFS. Deze toename in PFS kan gedeeltelijk worden toegeschreven aan
de door chemotherapie geïnduceerde immuunrespons.
In
dit
proefschrift
onderzoeken
we
verschillende
aspecten
van
kwaliteitsverbetering in de zorg voor patiënten met CLM. In het algemeen is
kwaliteitswaarborging (quality assurance - QA) in wetenschappelijk onderzoek een
essentieel aspect bij het verbeteren van de zorg, omdat verandering in de
medische praktijk alleen kan worden bereikt door wetenschappelijk onderzoek
van hoge kwaliteit. Hoofdstuk 8 gaat over een studie naar kwaliteitswaarborging
in chirurgische onderzoeken. Hierin analyseren we chirurgische parameters die zijn
gerapporteerd in onderzoeken door EORTC en ontwikkelen we een QA-sjabloon
voor toekomstige chirurgische onderzoeken. Eenenvijftig EORTC onderzoeken
met een vorm van chirurgie, die zijn uitgevoerd tussen 1980 en 2013, werden in
deze studie geïncludeerd. Protocollen, case record forms (CRF) en de definitieve
publicaties werden beoordeeld op het voorkomen van chirurgische parameters en
er werd een vergelijking gedaan tussen de tijdperken (80-er jaren, 90-er jaren en
2000-2013). De geïncludeerde chirurgische onderzoeken varieerden van een
echte chirurgische vergelijking (vergelijking van 2 chirurgische technieken of een
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vergelijking van chirurgie versus geen chirurgie) tot niet-chirurgische
vergelijkingen, waarbij chirurgie deel uitmaakte van het protocol, maar geen
onderwerp van de studie was of een operatie optioneel was. Over het algemeen
werd in meer dan 90% van de protocollen de chirurgische techniek beschreven,
maar door de jaren heen werd een trend van meer gedetailleerde beschrijving
gezien (bijvoorbeeld chirurgische techniek, resectabiliteit en marges). Belangrijke
chirurgische parameters, zoals redenen voor irresectabiliteit, heroperatie of
andere chirurgische complicaties, werden echter niet consequent beschreven,
verzameld of gepubliceerd. Het ontbreken van een gestandaardiseerd chirurgisch
hoofdstuk en het gebrek aan chirurgen bij de ontwikkeling van deze
onderzoeksprotocollen zouden deze inconsequenties kunnen verklaren. In onze
studie hebben we een standaard chirurgisch hoofdstuk ontwikkeld voor
toekomstige chirurgische onderzoeken waarin belangrijke (chirurgische)
perioperatieve parameters en aspecten voor kwaliteitswaarborging worden
beschreven. Met dit chirurgisch hoofdstuk hopen we de kwaliteit van chirurgische
onderzoeken en vervolgens de toekomstige uitkomsten van de patiënt verder te
verbeteren.
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ABSTRAC T
The aim of this study is to describe local tumour control after radiofrequency
ablation (RFA) and surgical resection (RES) of colorectal liver metastases (CLM) in
two independent European Organisation for Research and Treatment of Cancer
(EORTC) studies. Only 10–20% of patients with newly diagnosed CLM are eligible
for curative RES. RFA has found a place in daily practice for unresectable CLM.
There are no prospective trials comparing RFA to RES for resectable CLM. The
CLOCC trial randomised 119 patients with unresectable CLM between RFA (±RES)
+ adjuvant FOLFOX (±bevacizumab) versus FOLFOX (±bevacizumab) alone. The
EPOC trial randomised 364 patients with resectable CLM between RES ±
perioperative FOLFOX. We describe the local control of resected patients with
lesions 64 cm in the perioperative chemotherapy arm of the EPOC trial (N = 81)
and the RFA arm of the CLOCC trial (N = 55). Local recurrence (LR) rate for RES
was 7.4% per patient and 5.5% per lesion. LR rate for RFA was 14.5% per patient
and 6.0% per lesion. When lesion size was limited to 30 mm, LR rate for RFA
lesions was 2.9% per lesion. Non-local hepatic recurrences were more often
observed in RFA patients than in RES patients, 30.9% and 22.3% respectively.
Patients receiving RFA had a more advanced disease. LR rate after RFA for lesions
with a limited size is low. The local control per lesion does not appear to differ
greatly between RFA and surgical resection. This study supports the local control
of RFA in patients with limited liver metastases. Future studies should evaluate in
which patients RFA could be an equal alternative to liver resection.
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INTRODUC TION
Colorectal cancer remains the most common cancer and with 212.000 deaths per
year, the second most frequent cancer related cause of death in Europe [1], [2].
When diagnosed with colorectal cancer, up to half of the patients develop liver
metastases (CLM). In these patients surgical resection of the liver metastases is the
procedure of choice with five-year survival rates up to 60% [3], [4]. However,
surgical resection is only feasible in approximately 10–20% of the cases. In the
majority of patients, too extensive liver disease, extra-hepatic disease or comorbidity preclude radical resection.
Non-surgical alternatives have been introduced to treat these patients with
unresectable colorectal liver metastases. Among these alternative treatments,
radiofrequency ablation (RFA) is most frequently used. In a randomised phase II
study (CLOCC) on patients with unresectable colorectal liver metastases, median
overall survival was 45.3 months for RFA plus systemic treatment versus 40.5
months for systemic treatment only (p = 0.22). PFS rate at 3 years for combined
treatment was 27.6% compared to 10.6% for systemic treatment only (p = 0.025)
[5]. Although the effect of RFA treatment on PFS was significant, compelling
evidence on the effect of local tumour ablation on overall survival is still lacking.
Nevertheless, RFA has been accepted in the surgical and radiological community
as an attractive treatment modality in patients with unresectable colorectal liver
metastases.
In patients with resectable colorectal liver metastases resection (RES) is considered
the treatment of choice. RFA is only considered an alternative in patients unfit for
surgical resection, mainly because high local recurrence rates were observed in
several studies on unresectable CLM [6], [7]. In early series, local recurrence rates
of up to 46% have been reported after RFA. Next generation probes, better
imaging by computed tomography (CT)-guided procedures, increased experience
and better patient selection all have improved local recurrence rates after RFA to
5.2–8.8% [8]–[10]. Such figures suggest that RFA could be an alternative to
resection in a selected group of patients.
The best way to determine the potential indications of RFA in patients with
curable CLM would be to compare these two procedures in a prospective
randomized phase III trial. An attempt to organise such a trial has failed (French
FFCD 2002-02) and it is unlikely that another study can be organised in the near
future. The European Organisation for Research and Treatment of Cancer
(EORTC) has conducted two randomised controlled trials on patients with
colorectal liver metastases; study 40983 (EPOC) comparing perioperative
chemotherapy to surgery alone in resectable colorectal liver metastases and study
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40004 (CLOCC) comparing RFA (±RES) plus systemic therapy versus systemic
therapy alone in patients with unresectable colorectal liver metastases. The aim of
the present study is to describe the local control rate of resection and RFA within
the controlled setting of these two independent EORTC studies.

MATERIALS AND METHODS
Data were reviewed from patients included into two clinical trials performed by
the European Organisation for Research and Treatment of Cancer (EORTC),
concerning colorectal liver metastases. Study 40004, also known as the CLOCC
trial [11], compared patients with unresectable colorectal liver metastases treated
by RFA (with or without additional resection of resectable lesions) plus adjuvant
systemic therapy to systemic therapy alone (FOLFOX ± bevacizumab). In both
arms systemic treatment was given for 6 months, administered either in 12 cycles
of 2 weeks or in four cycles of 7 weeks (three cycles of 2 weeks plus 1 week of
rest). Main inclusion criteria in this study were: unresectable colorectal liver
metastases (no possibility to treat all lesions by resection), maximum of 10 lesions,
maximum lesion size of 4 cm for those lesions to be treated with RFA and
possibility to treat all liver lesions adequately by RFA (±RES). Patients with
extrahepatic disease were excluded. In this phase 2 study, which was performed
from April 2002 until June 2006, 119 patients were randomised of which 60
patients were allocated to the experimental arm of the study. Of these 60
patients, 56 received the intended RFA treatment. RFA was performed either
percutaneous (four patients, 7%), by laparoscopy (one patient, 2%) or during open
surgery (51 patients, 91%). Needle positioning was checked using ultra sound (US)
guidance. Follow-up for disease progression was performed every 6 weeks during
protocol treatment, thereafter 3-monthly for 2 years and 6-monthly afterwards.
Follow-up investigations consisted of abdomino-pelvic CT scan, chest X-ray and
measurement of serum carcino-embryonic antigen concentration. Study 40983,
also known as the EPOC trial [12], compared perioperative systemic FOLFOX4
treatment (two times six cycles) plus surgery to surgery alone. Main eligibility
criteria were: maximum of four resectable colorectal liver metastases, and no
extra-hepatic disease. In this phase 3 study 364 patients were randomised
between September 2000 and July 2004, 182 patients were randomised to the
surgery only arm and 182 patients were randomised to the experimental arm of
the study. In the experimental arm 152 patients were actually resected of which
148 patients received also systemic treatment (FOLFOX). After the end of
protocol treatment, disease progression was assessed every 3 months for 2 years
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and every 6 months thereafter by chest radiography, abdominal ultrasound or CT
scan and carcino-embryonic antigen concentrations.
The aim of the present study is to describe local tumour control after RFA and
resection (both in combination with systemic treatment) for lesions with a size <4
cm, being the maximum diameter for inclusion in the CLOCC study. For this
purpose, local tumour control of patients in the experimental arm of the CLOCC
trial that were randomised to RFA plus adjuvant systemic treatment was compared
to local tumour control of patients in the experimental arm of the EPOC trial that
were randomised to surgery plus perioperative systemic treatment. Patients were
eligible for inclusion in the present analysis when they received the intended
treatment of RFA or resection for lesions 64 cm at baseline. Patients without
information on lesion location were excluded e.g. patients with unregistered new
lesions at surgery (see Fig. 1). For the RFA patients, baseline data included also
some lesions that were resected and therefore were not included in the local
control analysis of the RFA procedure.
The EPOC trial collected data on first progression only. Subsequent progressions
were not systematically collected. Therefore for both trials we investigate the first
reported recurrences. A local recurrence (LR) is defined as a tumour recurrence at
the site of the surgical resection plane or at the RFA site. All recurrences
elsewhere in the liver were categorised as ‘liver recurrences elsewhere’. Data
collection in the EPOC trial did not differentiate between local and non-local liver
recurrences. Therefore all liver recurrences reported in the same segment as the
original tumours as well as liver recurrences reported in the neighbouring liver
segments of the original tumour location were reviewed (segmentation according
to Couinaud’s classification). All potential local liver recurrences were queried to
and reviewed by the local investigator, in order to assess whether the lesion
should be considered as a local or non-local liver recurrence. Extra-hepatic
recurrences were defined as all other tumour recurrences.
Statistical analysis
This study is descriptive as the patient and tumour characteristics between the two
trials are not fully comparable. No formal statistical comparison between the two
trials was made. Frequency tables were tabulated for categorical variables and
continuous variables were summarised using the mean, median and range
(minimum, maximum). The relative dose intensity (RDI) was calculated as the ratio
of the received DI (total dose [mg/m2]/total duration in weeks) to the dose
intensity indicated by the protocol. Overall survival after RFA or resection was
estimated by the Kaplan–Meier method.
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Fig. 1. Consort flowchart of the included patients.

RESULTS
Patient and tumour characteristics
Table 1 shows the baseline characteristics of the selected patients from the
CLOCC and EPOC trial (resp. 55 and 81 patients). Clinical parameters, such as
age, sex, World Health Organisation (WHO) performance score and the location
of the primary cancer, were similar between the two patient groups. Tumour
characteristics were different between the two groups. Median number of
metastases for the RFA patients was 4.0 (range 1–9) compared to 1 (range 1–4) for
the RES patients. Of the resected patients 53.1% had a solitary metastasis
compared to only 27.3% of the RFA patients. Median largest lesion size at
baseline was comparable (3.0 cm for RFA and 2.8 cm for RES).
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Table 1. Demography (at baseline)

Age - Years, median (range)
Sex – Male
ECOG/ WHO performance status
0
1
2
Location primary cancer
Colon
Rectum
Recto-sigmoid
Both/ Multiple / Missing
Metachronous liver metastases
Time from primary tumour
diagnosis to liver metastasis
diagnosis (days), median (range)
Number of metastases, median
(range)
Number of metastases
1
2
3
≥4
Diameter (cm) largest metastases,
median (range)
Largest diameter > 3cm

Radiofrequency
ablation (RFA) C LOC C (N = 55)
64 (39 – 79)
33 (60.0%)

Resection
(RES) - EPOC
(N = 81)
61 (29-77)
58 (71.6%)

42 (76.4%)
13 (23.6%)
-

61 (75.3%)
20 (24.7%)
0

23 (41.8%)
15 (27.3%)
16 (29.1%)
1 (1.8%)
35 (63.6%)
300 (28 - 1802)

41 (50.6%)
39 (48.1%)
1 (1.2%)
55 (67.9%)
373 (0 - 2837)

4 (1-9)

1 (1-4)

15 (27.3%)
6 (10.9%)
6 (10.9%)
28 (50.9%)
3.0 (1.0 - 3.9)

43 (53.1%)
19 (23.5%)
12 (14.8%)
7 (8.6%)
2.8 (0.5 - 4.0)

22 (40%)

22 (27.2%)

Treatment characteristics
The median number of chemotherapy cycles was 9 (0–12) for the RFA patients.
The median number of chemotherapy cycles for the resected patients was preand postoperatively resp. 6 (0–6) and 5 (0–6). Median relative dose intensities are
displayed in Table 2. Lesions were equally distributed between the liver segments
for both groups, with slightly more lesions in the central segments (1, 4, 5 and 8)
for the RFA group (61.7%) compared to the resection group (51.8%).
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Median largest size of the metastasis at surgery was 2.0 cm (0.5–5.0) and 2.0 cm
(0.0–8.0) for resp. RFA and RES patients (Table 3). Lesion size of both groups was
smaller compared to baseline data. The difference of the resected patients can be
explained by neo-adjuvant treatment. The difference in the RFA treated patients is
due to the exclusion of resected lesions in these patients, as we only wanted to
include RFA treated lesions in our analysis.
Table 2. Dose intensity and tolerance to systemic therapy in the radiofrequency ablation (RFA) and
resected (RES) patients.
RFA – CLOCC
RES – EPOC (N=81)
(N=55)
Systemic treatment started
FOLFOX
Bevacizumab + FOLFOX
Number of cycles received
Median (range)
0
1-3
4-6
7-9
10-12
RDI 5-FU (median)
RDI Folinic acid (median)
RDI Oxaliplatin (median)
RDI Bevacizumab (median)
patients)
*RDI = Relative dose intensity

(N=8

Pre-operative

Post-operative

49 (89%)
41 (74.5%)
8 (14.5%)

79 (97.5%)
79 (97.5%)
-

61 (75.3%)
61 (75.3%)
-

9 (0-12)
6 (10.9%)
8 (14.5%)
8 (14.5%)
6 (10.9%)
27 (49.1%)
80.0 %
91.7 %
74.7 %
93.6 %

6 (0-6)
2 (2.5%)
3 (3.7%)
76 (93.8%)

5 (0-6)
20 (24.7%)
15 (18.5%)
46 (56.8%)

96.3 %
96.6 %
93.1 %
-

75.0 %
77.1 %
68.1 %
-

Follow- up and recurrence
Follow-up and recurrence data are shown in Table 4. Median follow-up for the
CLOCC trial was 4.7 years and 8.2 years for the EPOC trial. At the time of analysis
38 (69.1%) of the RFA treated patients showed a recurrence and 48 (59.3%)
patients treated by resection.
As for local control, RFA treated patients had a 14.5% local recurrence rate (8/55).
Detailed review showed that these eight patients had 10 LR of the in total 167
lesions treated by RFA. Therefore the local recurrence rate on lesions basis was
6.0%. Median time from RFA to local recurrence was 356 days (37–1124).
Resected patients had a local recurrence rate of 7.4% (6/81). A total 110 lesions
were resected, therefore local recurrence rates on a lesion basis is 5.5% (6/110).
Median time from RES to local recurrence was 412 days (300–1669).
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Lesions treated by RFA recurred more than seven times as often if lesion size
exceeded 30 mm (N = 6/28, 21.4%) compared to equal or less than 30 mm (N =
4/139, 2.9%). Local recurrence rate after resection for lesions smaller than 30 mm
was 6.2% (N = 6/97). No recurrences were seen after resection of lesions larger
than 30 mm (N = 0/13).
The six resected patients with local recurrences were all (100%) partial responders
to neo-adjuvant chemotherapy compared to the 48% partial responders overall.
Non-local hepatic recurrences were observed in 30.9% (17/55) of the RFA patients
and in 22.3% (18/81) of the RES patients. Extra hepatic recurrences only for RFA
and RES patients were respectively 23.6% and 29.6%.
Table 3. Lesion characteristics at surgery and at time of local recurrence
CLOCC (N=55)
EPOC (N=81)
RFA
Local
RES
recurrence (N)
Median size largest tumour
2.0 cm
2.0
(cm) at surgery, N (range)
(0.5 - 5.0)
(0.0 - 8.0)
Number metastases at
167
10
110
surgery (N)
Segment 1
3 (1.8%)
2 (1.8%)
Segment 2
7 (4.2%)
8 (7.3%)
Segment 3
9 (5.4%)
13 (11.8%)
Segment 4
53 (31.7%)
7
21 (19.1%)
Segment 5
23 (13.8%)
2
20 (18.2%)
Segment 6
23 (13.8%)
1
16 (14.5%)
Segment 7
25 (15.0%)
16 (14.5%)
Segment 8
24 (14.4%)
14 (12.7%)
Central location
(Segment 1, 4, 5 and 8)

61.7%
(103/167)

90%
(9/10)

51.8%
(57/110)

Local recurrence
(N)
6
2
1
1
2
66.7%
(4/6)

Table 4. Follow-up and first progressions
RFA - CLOCC (N=55)
RES - EPOC (N=81)
Median follow-up from RFA / surgery
4.7 years
8.2 years
Recurrences
38 (69.1%)
48 (59.3%)
Local recurrence per patient treated (LR)*
8/55 (14.5%)
6/81 (7.4%)
Local recurrence rate per lesion treated
10/167 (6.0%)
6/110 (5.5%)
Non-local liver recurrence#
17 (30.9%)
18 (22.3%)
Extra hepatic recurrence only
13 (23.6%)
24 (29.6%)
* Includes for RFA: 3 treated patients with combined non-local liver recurrences.
* Includes for RES: 1 patient with a combined extra-hepatic recurrences.
# Includes for RES: 5 patients with combined extra-hepatic recurrences.

Local recurrences seem likely to originate from central lesions, especially in RFA
treated patients. Nine out of 10 (90%) local recurrent lesions in RFA patients are
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from central lesions compared to an initial 61.7% centrally located lesions. For
RES patients, 66.7% of the local recurrences are from central lesions whereas
initially 51.8% of the lesions were located centrally (Table 3).
Overall 3 year survival rate from surgery were 59.9% (95% confidence interval (CI):
45.2–71.8%) for patients treated with RFA and 77.5% (95% CI: 66.6–85.2%) for
patients treated with RES. In the RFA group 30.9% of the patients (17 patients)
were disease free at last follow-up and in the resection group 40.7% (33 patients).
In these patients 3-year overall survival (OS) rates looked similar 88.2% (95% CI:
60.6–96.9%) and 90.9% (95% CI: 74.4–97.0%), respectively (Fig. 2). Patients with
progression that had been treated with RFA did worse compared to resection.
The 3-year OS rates for patients with progression were 48.5% (95% CI: 31.6–
63.5%) in the RFA group and 68.8% (95% CI: 53.6–79.8%) in the RES group.

DISC USSION
Local recurrence rate on a lesion basis was 6% and 5.5% resp. after RFA and RES
(combined with systemic therapy). The overall local recurrence rate was 14.5% in
patients with CLM treated by RFA and 7.4% in patients with CLM treated by
resection. The median number of metastases per patient was higher in the RFA
study.
Median time to local recurrence was 356 days after RFA and 412.5 days after
resection, follow-up was longer after resection than after RFA (8.2 versus 4.7
years). Follow-up methods in both groups were according to a similar strict
protocol. Although there is a difference in median follow-up, local recurrences
occurred at a median time of 1 year, indicating that follow-up in both groups was
sufficiently long to detect most local recurrences.
The EPOC trial (resected patients) registered only the first progressions
systematically; therefore we could have an underestimation of the actual total
number of local recurrences in the resected patients. The CLOCC trial (RFA
patients) has registered first progressions as well as subsequent progressions.
However, in the original study population, during a median follow-up of 4.4 years,
only three additional lesions (of 170 lesions; 1.8%) recurred locally after initial first
progression at another site [5]. Therefore if there were an underestimation of the
local recurrence rate it would likely to be present more in the resected population.
In the present study lesions were included up to 4 cm, since this was the
maximum size for inclusion in the CLOCC study. Within this group the local
recurrence rate increased with larger lesion size. When lesion size exceeded 3 cm,
local recurrence rate increased significantly. Our results are in accordance with
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data published by Mulier et al. [13]. In a meta-analysis of 95 studies, in which a
total of 5224 liver tumours were treated by RFA (including CLM, HCC and
neuroendocrine tumours), local recurrence rates after surgical RFA of liver tumours
smaller ≤3 cm was 3.6% compared to 21.7–50% for tumours of 3–5 cm and >5 cm
respectively. A multivariate analysis showed that apart from the lesion size, the
approach of RFA is a significant predictor for local control. Percutaneous RFA
procedures showed a much higher local recurrence rate, even in smaller tumours
(16% for tumours ≤3 cm and 60% for lesions >5 cm). However, these results
should be interpreted with caution since we know at present that percutaneous
conventional ultrasound-guided RFA ablations (performed in these studies) are
inferior to contrast-enhanced US, CT-guided or magnetic resonance imaging
(MRI)-guided RFA ablations [14].
Recently, the American Society of Clinical Oncology performed an evidence
review for RFA on both resectable and unresectable CLM [15]. They found that
patients with solitary (or a few) CLM of ≤3 cm had a high ablation success rate and
the best outcome. The rationale behind this is that the best results are obtained in
a single ablation session with a safety margin of 0.5–1 cm, and the
recommendation is to limit lesion size to a maximum of 3 cm. For larger tumours
the RFA needle needs to be repositioned for multiple ablation zones, which will
increase the chance of an incomplete ablation and the risk for a LR.
There are no randomised controlled clinical trials comparing RFA to resection on
patients with resectable CLM. However, there have been numerous nonrandomised, mostly retrospective single centre studies on RFA for unresectable
CLM versus resection for resectable CLM. None of these studies was able to make
a valid comparison due to imbalances in lesion and patient characteristics. These
studies are summarised in two literature reviews [6], [16]. In summary, they report
a large spread in local recurrence rates, varying from 1.7% to 37.9% for open RFA
and from 0% to 10.4% for resection. The lowest local recurrence rate (1.7%) was
reported by Abitabile et al. on open (surgical) RFA procedures of tumours smaller
than 3 cm [9]. Both reviews concluded RFA was not (yet) an alternative for surgery,
although simultaneously admitting a fair comparison could not be made. They
agreed that RFA can be used in a multimodal treatment on borderline resectable
tumours and a RCT on RFA versus resection for resectable CLM in a selected
patient group could be justified. The present report does not allow a formal
comparison between patients entered in two different prospective studies
receiving different treatment procedures, i.e. resection (EPOC trial) and RFA
(CLOCC trial) with different tumour characteristics. Perioperative FOLFOX was
used in the EPOC trial and postoperative FOLFOX ± bevacizumab in the CLOCC
trial. The first was a randomised phase III study and the second a randomised
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phase II study. Lesion size in our analysis was limited to a subgroup of patients
with metastases ≤4 cm in order to make the groups more comparable at baseline,
but may have varied during neo-adjuvant chemotherapy as this may have caused
downsizing of the tumour lesions. Although all local recurrences in the resected
patients were from patients with a partial response to chemotherapy, numbers are
too small to draw any conclusions on a possible relationship. Furthermore, overall
tumour characteristics of the two patient groups were not comparable. The RFA
group (unresectable patients) had a more advanced disease status compared with
the resectable patients of the EPOC trial. Nonetheless, taking these imbalances
into account, there does not appear to be a great difference in LR rate per lesion
between the two groups.
Patients treated with RFA in the CLOCC study were at a higher risk because CLM
were considered unresectable, while patients in the EPOC study were judged to
have resectable disease. Unresectable disease in the CLOCC study was either
related to the number of tumour lesions in the liver (up to 10) in combination with
bilobar disease that precluded resection of all lesions or to unfavourable location
of isolated tumour lesions e.g. close to all three hepatic veins. These latter cases
may have introduced a bias for unfavourable lesions in the RFA group. Moreover,
the number of centrally located lesions was slightly higher in patients from the
CLOCC study compared to patients from the EPOC study (resp. 61.7% and
51.8%). Despite the worse disease status (more unfavourable location of tumour
lesions) local tumour control per lesion was comparable between the two
modalities.
After a median follow-up of 4.7 years for RFA and 8.2 years and RES patients,
resp. 30.9% and 40.7% of patients remained disease free. Overall survival rates for
these patients without any recurrence were almost identical. If disease recurred,
patients treated by RFA did worse than patients that had been treated by
resection. This difference can be explained by the more advanced disease stage
of patients that were treated by RFA compared to patients treated by resection.
In conclusion, the present report of two independent randomised controlled trials
from the EORTC shows that the local recurrence rate per lesion in patients treated
with RFA or surgical resection does not appear to be greatly different for lesions
up to 3 cm. Local recurrences of lesions treated by RFA were more frequent when
lesion size exceeded 3 cm. Overall, local recurrence rates per patient were higher
after RFA, because these patients had a more advanced disease and a higher
number of lesions than those who received resection. This study shows a low local
recurrence rate after RFA for lesions with a limited lesions size and emphasises the
need for future studies evaluating in which patients RFA could be an equal
alternative to liver resection.

48
48

REFERENC ES
[1]

[2]
[3]

[4]

[5]

[6]

[7]
[8]

[9]

[10]

[11]

J. Ferlay, D. M. Parkin, and E. Steliarova-Foucher, Estimates of cancer
incidence and mortality in Europe in 2008, Eur J Cancer, 2010, vol. 46, no.
4, pp. 765–781.
N. World Health Organization, W. H. Organisation, and WHO, The Global
Burden of Disease: 2004 update, Update, 2008, vol. 2010, p. 146.
E. K. Abdalla, J. N. Vauthey, L. M. Ellis, V. Ellis, R. Pollock, K. R. Broglio, K.
Hess, and S. A. Curley, Recurrence and outcomes following hepatic
resection, radiofrequency ablation, and combined resection/ablation for
colorectal liver metastases, Ann Surg, 2004, vol. 239, no. 6, pp. 818–825.
A. L. Gleisner, M. A. Choti, L. Assumpcao, H. Nathan, R. D. Schulick, and T.
M. Pawlik, Colorectal liver metastases: recurrence and survival following
hepatic resection, radiofrequency ablation, and combined resectionradiofrequency ablation, Arch Surg, 2008, vol. 143, no. 12, pp. 1204–1212.
T. Ruers, C. Punt, C. F. van, J. P. Pierie, I. Borel-Rinkes, J. A. Ledermann, G.
Poston, W. Bechstein, M. A. Lentz, M. Mauer, C. E. Van, M. P. Lutz, and B.
Nordlinger, Radiofrequency ablation combined with systemic treatment
versus systemic treatment alone in patients with non-resectable colorectal
liver metastases: a randomized EORTC Intergroup phase II study (EORTC
40004), Ann Oncol, 2012.
A. Stang, R. Fischbach, W. Teichmann, C. Bokemeyer, and D. Braumann, A
systematic review on the clinical benefit and role of radiofrequency
ablation as treatment of colorectal liver metastases, Eur J Cancer, 2009,
vol. 45, no. 10, pp. 1748–1756.
J. P. Guenette and D. E. Dupuy, Radiofrequency ablation of colorectal
hepatic metastases, J Surg Oncol, 2010, vol. 102, no. 8, pp. 978–987.
A. Ahmad, S. L. Chen, M. A. Kavanagh, D. P. Allegra, and A. J. Bilchik,
Radiofrequency ablation of hepatic metastases from colorectal cancer: are
newer generation probes better?, Am Surg, 2006, vol. 72, no. 10, pp. 875–
879.
P. Abitabile, U. Hartl, J. Lange, and C. A. Maurer, Radiofrequency ablation
permits an effective treatment for colorectal liver metastasis, Eur J Surg
Oncol, 2007, vol. 33, no. 1, pp. 67–71.
R. T. Poon, K. K. Ng, C. M. Lam, V. Ai, J. Yuen, S. T. Fan, and J. Wong,
Learning Curve for Radiofrequency Ablation of Liver Tumors, Ann Surg,
2004, vol. 239, no. 4, pp. 441–449.
T. J. M. Ruers, J. J. Joosten, B. Wiering, B. S. Langenhoff, H. M. Dekker, T.

49
49

[12]

[13]

[14]

[15]

[16]

Wobbes, W. J. G. Oyen, P. F. M. Krabbe, and C. J. a Punt, Comparison
between local ablative therapy and chemotherapy for non-resectable
colorectal liver metastases: a prospective study., Ann Surg Oncol, 2007,
vol. 14, no. 3, pp. 1161–9.
B. Nordlinger, H. Sorbye, B. Glimelius, G. J. Poston, P. M. Schlag, P.
Rougier, W. O. Bechstein, J. N. Primrose, E. T. Walpole, M. Finch-Jones, D.
Jaeck, D. Mirza, R. W. Parks, L. Collette, M. Praet, U. Bethe, C. E. Van, W.
Scheithauer, and T. Gruenberger, Perioperative chemotherapy with
FOLFOX4 and surgery versus surgery alone for resectable liver metastases
from colorectal cancer (EORTC Intergroup trial 40983): a randomised
controlled trial, Lancet, 2008, vol. 371, no. 9617, pp. 1007–1016.
S. Mulier, N. Yicheng, J. Jacques, R. Theo, G. Marchal, and M. Luc, Local
Recurrence After Hepatic Radiofrequency Coagulation. Multivariate Metaanalysis and Review of Contributing Factors., Ann Surg, 2005, vol. 242, no.
2, pp. 158–171.
L. Solbiati, T. Ierace, M. Tonolini, and L. Cova, Guidance and monitoring of
radiofrequency liver tumor ablation with contrast-enhanced ultrasound, Eur
J Radiol, 2004, vol. 51, no. SUPPL., pp. 19–23.
S. L. Wong, P. B. Mangu, M. A. Choti, T. S. Crocenzi, G. D. Dodd, G. S.
Dorfman, C. Eng, Y. Fong, A. F. Giusti, D. Lu, T. a. Marsland, R. Michelson,
G. J. Poston, D. Schrag, J. Seidenfeld, and A. B. Benson, American Society
of Clinical Oncology 2009 clinical evidence review on radiofrequency
ablation of hepatic metastases from colorectal cancer, J Clin Oncol, 2010,
vol. 28, no. 3, pp. 493–508.
S. Mulier, Y. Ni, J. Jamart, L. Michel, G. Marchal, T. Ruers, J. Jamart, L.
Michel, G. Marchal, and Y. Ni, Radiofrequency ablation versus resection for
resectable colorectal liver metastases: Time for a randomized trial? An
update, Dig Surg, 2009, vol. 25, no. 6, pp. 445–460.

50
50

51
51

52

Chapter 4
Monitoring of tumor radio frequency
ablation using derivative spectroscopy
Jarich W. Spliethoff
Erik Tanis
Daniel J. Evers
Benno H.W. Hendriks
Warner Prevoo
Theo J. M. Ruers

J Biomed Opt. 2014 Sep;19(9):97004
PMID 25239499

53

ABSTRAC T
Despite the widespread use of radiofrequency (RF) ablation, an effective way to
assess thermal tissue damage during and after the procedure is still lacking. We
present a method for monitoring RF ablation efficacy based on thermally induced
methemoglobin (metHb) as a marker for full tissue ablation. Diffuse reflectance
spectra were measured from human blood samples during gradual heating of the
samples from 37 to 60, 70, and 85°C. Additionally, reflectance spectra were
recorded real time during RF ablation of human liver tissue ex vivo and in vivo.
Specific spectral characteristics of metHb were extracted from the spectral slopes
using a custom optical ablation ratio. Thermal coagulation of blood caused
significant changes in the spectral slopes, which is thought to be caused by the
formation of metHb. The time course of these changes was clearly dependent on
the heating temperature. RF ablation of liver tissue essentially led to similar
spectral alterations. In vivo DRS measurements confirmed that the method could
be used to assess the degree of thermal damage during RF ablation and long
after the tissue cooled.
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INTRODUC TION
Radio frequency (RF) tumor ablation is a thermal ablation technique using a
needle-type electrode that is inserted into malignant tissue. The technique is
widely used for the treatment of malignant lesions in the liver, kidneys, and lungs.
To completely destroy a tumor, the entire lesion must be heated to cytotoxic
temperatures. However, lesion size and local blood flow often complicate heating
of the entire tumor volume, resulting in heterogeneity of heat deposition
throughout a given lesion to be treated. Determining whether a complete tumor
ablation has been achieved is difficult as there is no method to accurately evaluate
the extent of the ablation zone. The local tumor recurrence rates after liver RF
ablation vary significantly between published series, with local tumor recurrence
rates of 3.6% to 60%, where the latter is mainly due to incomplete ablation of the
tumor margin [1]–[3]. Real-time monitoring could contribute to locally effective
destruction of tumor tissue in combination with a preservation of healthy liver
tissue.
Optical spectroscopy techniques, such as diffuse reflectance (DR) spectroscopy at
the tip of a thin fiber-optic needle, may enable real-time monitoring by measuring
specific physiological information from the examined tissue. Unlike temperature
monitoring with use of thermocouples, which measure the temporary effects of
ablation, DR spectroscopy could be used to detect persistent chemical and
structural changes undergone by tissue during thermal ablation. This may allow
real-time monitoring of the progress of ablation and the adequacy well after the
ablation has been completed.
Various groups have successfully focused on spectroscopic detection of thermal
damage of liver tissue. It was shown that an increase in reflectance intensity and a
decrease in overall fluorescence intensity correlated with the histological degree
of thermal damage [4]–[6]. However, focusing on absolute spectral intensities as
an endpoint is prone to be affected by needle movement, pooling of (coagulated)
blood around the probe tip, and differences in instrumentation or calibration.
Instead of evaluating the absolute magnitude of the spectrum, we propose to use
semiquantitative information extracted from the spectra that indicates irreversible
tissue injury. Such a method may be more sensitive to subtle heat-induced
changes and may provide advanced characterization of irreversible tissue
damage. Depending on the duration of heating and the tissue susceptibility for
thermal damage, irreversible tissue damage occurs at a threshold temperature of
∼60°C [7]. It is, therefore, important to identify markers that indicate whether or
not this threshold temperature has been reached. When tissue is subjected to
increasing heat, tissue proteins start a denaturation process and undergo
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irreversible structural changes. In addition, methemoglobin (metHb) is formed
from hemoglobin at temperatures >60°C, making it a potential marker for
irreversible liver tissue damage [8].
The group of Tromberg developed a broadband diffuse optical spectroscopy (600
to 1000 nm) method to derive tissue concentrations of metHb and four other
chromophores. Chromophore concentrations could accurately be monitored in
vivo, despite significant overlapping spectral features [9]. Formation of metHb
following heat exposure has been reported by a few other studies for a variety of
clinical applications. Barton et al. found that changes in the optical properties of
hemoglobin in a skin model do occur during laser irradiation with a 532 nm
wavelength based on the detection of thermally induced metHb [10]. More
recently, Randeberg et al. showed that measurements of the average metHb
concentrations in port-wine stains and telangiectasia veins immediately after laser
exposure may be used to verify that the blood temperature has been sufficiently
high to induce thermal damage to the vessel wall [11]. In the same way, high
amounts of spectroscopically detected metHb appeared to be a good indicator of
non-viability of thermal wounds [12]. The aim of the present study is to investigate
whether DRS could be used to assess the efficacy of RF tumor ablation.

MATERIALS AND METHODS
Spectroscopic system
Reflectance spectra were acquired using a portable spectroscopic system as
illustrated in Figure 1. For illumination of the tissue, a white light halogen broadband light source (360 to 2500 nm) with an internal shutter was used. The tissue
was probed using a clinical-grade disposable 15G fiber-embedded needle (Invivo
Germany, Schwerin, Germany). The probe had one fiber (200 μm) connected to
the light source and another fiber (200 μm) connected to a spectrometer
(DU420A-BRDD, Andor Technology, Belfast, United Kingdom), optimized for
wavelengths between 400 and 1050 nm with a spectral resolution of 4 nm. The
center-to-center distance between the emitting and collecting fibers was 0.34
mm. The probe had a polished angle tip of 72° to minimize tissue damage during
insertion, while the fiber ends were cut straight. The spectroscopy needle was
made from materials that are heat resistant in the temperature range that was
investigated. DRS spectra were acquired with a 0.3 to 1.0 sec integration time,
depending on the signal intensity at the start of each experiment. The integration
time was kept constant during each experiment. The system was controlled by a
custom LabVIEW software user interface (National Instruments, Austin, Texas).
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Figure 1. Schematic overview of the spectroscopy setup.

Preparation and heating of blood samples
Human venous blood (hematocrit = 41%) was obtained from a healthy human
donor. The blood was preserved in an ethylenediaminetetraacetic acid (EDTA)
tube to prevent coagulation. In the visible wavelength range, the optical
absorption of hemoglobin in blood is dominant compared to the scattering due
to red blood cells. To enhance diffuse reflectance of the samples, Intralipid®-20%
was added as a highly scattering medium. Saline was added to obtain a blood
concentration representative for liver tissue [13]. The stock solution that was
prepared contained 10% blood, 70% saline, and 20% Intralipid®-20%. To
evaluate the effect of thermal coagulation, six samples of the stock solution were
placed in 1.5 ml cuvettes and heated from 37 to 60, 70, and 80°C, respectively.
For this purpose, a thermostat-controlled dry block heater (DB-2D, Techne,
Staffordshire, United Kingdom) was used. Once the set temperature was reached
(after 3 to 5 min), the temperature was maintained for 15 min. The temperature of
the samples was monitored by placing a digital thermometer in a dummy sample.
Reflectance spectra of the samples were acquired continuously with an interval of
60 sec during the whole procedure.
Ex vivo RF ablation monitoring
Prior to any human tissue experiments, it was confirmed that the obtained
temperatures did not affect the spectral acquisitions in any way. This was done by
heating Intralipid®-20% to the typical maximum temperatures achieved during RF
ablation (60 to 90°C) [14]. Ex vivo reflectance spectra were acquired during RF
ablation on two human liver resection specimens after partial hepatic resection for
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colorectal liver metastases. Within 10 min. after partial hepatic resection, the
freshly excised tissue was grossly inspected by the surgeon and released for the
experimental procedure. Under ultrasound (US) guidance, an RF electrode (Cool
tip™ RF ablation system, Covidien, Boulder, Colorado) was placed in the tumor
such that an ablation zone of 4 cm could be achieved, including surrounding
normal liver parenchyma. Using US imaging, the spectroscopy needle was
inserted into the liver parenchyma directly outside the tumor, but within the
expected zone of ablation. Reflectance spectra were continuously acquired
(interval 30 sec) during the whole ablation procedure and continued for 5 min
after the ablation was terminated in order to investigate any reversible
spectroscopic changes. US was used to confirm that the spectroscopy needle tip
was located within the coagulated tissue.
In vivo study procedures
To investigate heat-induced spectral changes in vivo, reflectance measurements
were performed during an open RF procedure (4 to 8 min) during a laparotomy in
a patient with unresectable colorectal liver metastases. This study was performed
at The Netherlands Cancer Institute under approval from the internal review board
committee (Dutch Trial Register NTR2557). Just as in the ex vivo experiments,
intraoperative US imaging was used for accurate positioning of the RF electrode
and the spectroscopy needle. The RF electrode was inserted in the tumor,
whereas the spectroscopy needle was placed just outside the tumor through a
standard 14G guidance cannula (Invivo Germany, Schwerin, Germany) and was
not further manipulated. Two sets of 20 reflectance spectra were acquired from
exactly the same location before and after ablation. After performing the optical
measurements, the spectroscopy needle was retracted and a 16G core needle
biopsy from the measurement site was taken through the same cannula. The
sample was stored on-site at −80°C to allow for histopathological evaluation.
Ablation was performed under standard operating procedures (according to the
manufacturer’s guidelines) over a 12-min period, using an internally cooled tripod
RF electrode (Cool-tip™ RF ablation system, Covidien, Boulder, Colorado).
Histological evaluations and thermal damage assessment
At the pathology department, the tissue samples were processed using a marker
for cell metabolism nicotinamide adenine dinucleotide (NADH) diaphorase to
determine the degree of cell death. All slides were reviewed by a single
pathologist blinded to the tissue treatment. Viable tissue (positive staining) was
defined by a blue color on NADH staining. Non-viable tissue remained unstained
(negative staining) and was typically pink or yellow.
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Spectral data processing and derivative analysis
The measured reflectance spectra were preprocessed using a Butterworth secondorder low-pass filter to reduce signal noise. To investigate subtle changes in the
shape of the reflectance spectra, a first-order derivative analysis was applied. The
following equation was used to calculate the spectral slope (first-order derivative)
from the filtered spectra:

where λi+1 and λi are the adjacent wavelengths. R(λi) and R’(λi) are the original
reflectance measurement and corresponding spectral slope at band λi,
respectively. The reflectance measurements and corresponding spectral slope
were evaluated for wavelengths ranging from 450 to 800 nm. Previous research
has shown that hemoglobin derivates – such as oxyhemoglobin (oxyHb) and
deoxyhemoglobin (deoxyHb) – and bile are important chromophores in the liver
because they significantly absorb in the visible wavelength range [15]–[17]. Figure
2 shows the absorbance spectra for oxyHb [15], deoxyHb [15], metHb [15], and
bile [18], and the corresponding spectral slopes over the range of 450 to 800 nm.
DeoxyHb has absorption maxima at 556 and 758 nm, whereas oxyHb shows twin
peaks at 546 and 577 nm.

Figure 2. Extinction coefficients (a) and corresponding spectral slope (b) for oxyHb, deoxyHb, bile and
metHb. Data from refs. 15 and 18.
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Figure 3. Examples of reflectance spectra (R) of a human blood sample, measured before (blue lines)
and after (red lines) full coagulation. Intensities are given in arbitrary units. In (b), the corresponding
spectral slopes (R’) are shown. The values of R’ are normalized to the maximal intensity between 450
and 800 nm. (c) Illustrates how peaks in the spectral slopes were used for quantification of metHb.

When inspecting the reflectance measurements of the RF ablated liver, it was
observed that an additional absorption feature was present between 600 and 650
nm. In the literature, it has been shown that a chemical change occurs in
hemoglobin at a critical temperature creating metHb, an oxidized form of
hemoglobin, which is incapable of exchanging oxygen [10]. MetHb absorbs at 633
nm, with a positive peak that is not affected by other components (Figure 2a). This
absorption feature sharply declines between 633 and 700 nm and results in a
characteristic peak in the spectral slope around 645 nm (Figure 2b). Examples of a
reflectance measurement (R) of fully coagulated blood (85°C; >10 min) and the
corresponding spectral slope (R’) are shown in Figure 3. The reflectance spectrum
measured prior to heating has a clear oxyHb signature, as shown in Figure 3a
(blue line). The reflectance measured after full coagulation of the sample was
spectrophotometrically identified as metHb. There is a pronounced increase in
absorption between 600 and 700 nm. The latter results in a small negative peak
around 630 nm and a strong positive peak at 675 nm in the spectral slope, as
shown in Figure 3b. Since the wavelength of the peak minima and maxima may
shift due to changes in light scattering, automatic peak detection was used to
determine the exact wavelength of these peaks for each individual measurement.
For all reflectance measurements, parameterization (denoted as Y; Figure 3c) was
achieved by calculating the difference between both peaks in the spectral slope
using the equation:
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,
where λ1 and λ2 indicate the positions of the metHb peaks in the spectral slope.
An optical ablation ratio (OAR) was then calculated using the absolute values of
R’(λ1) and R’(λ2) to eliminate the effect of variation in amplitude of the original
reflectance curves:

RESULTS
In vitro heated blood samples
Reflectance spectra obtained from the heated blood samples and corresponding
spectral slopes are shown in Figure 4. Within the wavelength range, the spectra of
the non-heated samples (blue lines) were largely dominated by oxyHb (absorption
at 546 and 577 nm). Thermal coagulation led to significant changes in the spectral
shape.

Figure 4. Reflectance and corresponding spectral slopes obtained from blood
samples heated to 60, 70, and 80°C. To facilitate comparison between samples,
reflectance spectra were normalized using the reflectance intensity value at 800
nm. Note the increasing value for the positive peak at 650 to 675 nm in the
spectral slopes.

Heating at temperatures >60°C caused attenuation of oxyHb absorption features
and a decrease in reflectance above 600 nm. This led the spectral slopes to a
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decrease of the oxyHb-related features (minima at 525 and 570 nm, maxima at
596 nm) and the occurrence of an addition peak around 650 to 675 nm. It should
be noted that the maximum in the spectral slopes that initially appeared around
650 nm was red-shifted throughout the heating process. The dynamics of the
observed spectral changes were evaluated by calculating the OAR over time for
each sample. Results are shown in Figure 5.

Figure 5. Longitudinal change in optical ablation ratio for the blood samples heated to 60, 70, and
80°C.

The rate of the observed alterations was clearly dependent on the set
temperature. At 60°C, a small increase in OAR was observed after 15 min of
heating, whereas at temperatures of 70 and 80°C, a much larger change in OAR
was seen within a few minutes of heating. The time course of the OAR could
roughly be divided into three stages: a period of negligible change in the spectral
shape, a steep increase in OAR, and a plateau phase. The third stage was not
achieved for the sample heated at a temperature of 60°C for more than 15 min.
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Figure 6. Radiofrequency (RF) ablation monitoring ex vivo. Heat-induced spectral changes in
reflectance spectra (a) and spectral slopes (b) during an RF ablation of human liver tissue ex vivo. Only
12 out of 23 spectra are shown (sampled 1:2) to allow better visualization. (c) shows the time course of
optical ablation ratio, as calculated from the spectral slopes.

RF ablation monitoring
To investigate spectral changes occurring during RF ablation of liver tissue,
reflectance measurements (n= 23 and n= 29 spectra) were continuously acquired
from two human liver resection specimens during RF ablation. Figure 6 shows a
typical example of the time course of the reflectance spectra (Figure 6a) and
corresponding spectral slopes (Figure 6b), during a representative RF ablation
experiment ex vivo. The ablation was started at t= 0 min and finished after 7.5
min. To facilitate changes in spectral shape, the reflectance measurements (Figure
6a) were normalized using the reflectance intensity value at 800 nm. The maximal
change in the reflectance and spectral slopes was observed approximately 2 min
after the start of the ablation. No obvious changes in spectral shape occurred
during the 5 min after the ablation was terminated, indicating that irreversible
alterations were measured. The time course of the OAR during RF ablations
(Figure 6c) showed the same characteristic profile as that observed for the heated
blood samples. The changes in OAR consistently corresponded with the observed
changes in the spectral shape.
To validate the previous findings in a clinical setting, reflectance spectra were
measured in vivo before and after a full ablation of a liver metastasis of colorectal
origin. The initial (i.e., non-ablated) and final (i.e., last recording) reflectance
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spectra, spectral slopes, and corresponding histopathology images are shown in
Figure 7. Spectral changes were comparable to the ones seen during the ex vivo
ablation experiments. The OAR markedly increased from 0.13 to 0.51.
Macroscopic evaluation and histological analysis confirmed that the spectra
acquired after RF ablation were performed in fully ablated liver parenchyma.

Figure 7. Correlation of thermal tissue damage with spectral changes measured in vivo during open RF
ablation. The spectra shown in (a) and (b) were measured in native liver parenchyma prior to ablation,
whereas (d) and (e) show corresponding spectral acquisitions after RF ablation. The blue color in (c)
indicates viable liver parenchyma, whereas non-viable tissue remained unstained (f).

DISC USSION
Despite the widespread use of RF ablation, an effective way to assess thermal
tissue damage during and after the procedure is still lacking. To our knowledge,
this report demonstrates the first published results of first-derivative DRS to assess
the efficacy of RF ablation in vivo.
In this study, reflectance measurements were performed during the heating of
human blood samples to various temperatures and during RF ablation of human
liver tissue both ex vivo and in vivo. Thermal coagulation of blood samples caused
significant changes in the spectral shape, which is attributed to the thermal
conversion of hemoglobin to metHb. RF ablation of liver tissue essentially led to
similar spectral alterations. Specific spectral characteristics were extracted from
the spectral slopes using an OAR. For the heated blood samples, the longitudinal
changes in OAR were clearly dependent on the heating temperature and could be
divided into three stages. In the first stage, minimal spectral change was
observed. During the heating of the (oxygenated) blood samples, deoxyHb
occurred as a transient intermediate of oxyHb. We hypothesize that this is due to
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hemoglobin’s decreased affinity for oxygen with an increase in temperature, a so
called right shift in the oxygen-hemoglobin dissociation curve [19]. When the
threshold heat exposure that is needed for permanent alterations of hemoglobin
had been reached, this resulted in a steep monotone increase in the OAR (defined
as stage 2). In stage 3, a plateau was reached, at which point no further spectral
alterations occurred.
To investigate the thermal tissue damage occurring during RF ablation, a series of
ablations of human liver tissue was performed ex vivo. An important finding in our
experiment was that changes in spectral characteristics achieved during ablation
persisted after ablation was terminated and tissue was allowed to cool. As
discussed, this is mainly attributed to thermally induced metHb formation. No
significant chemical conversion of metHb is expected within a short period (hours)
after cooling of the fully ablated tissue. Due to the coagulation of blood vessels,
the ablated tissue has been isolated from perfusion and all enzymes are expected
to be denatured [20]. In this way, our method would allow evaluation of the
ablation margins well after the ablation has been completed.
The works of Ritz et al [21]. and others [10], [11], [22]–[26] provide a solid basis for
understanding the changes in the optical properties of biological tissues under
the effect of heating to increasing temperatures. Formation of metHb following
heat exposure has been reported by several authors [8], [10], [11], [27], [28]. In
addition, at temperatures >60°C, there is rapid tissue coagulation, as proteins
denature and undergo irreversible structural changes [7]. The latter leads to an
increase in the reduced scattering coefficient and associated increase in
reflectance [22], [26]. This is the reason why thermally coagulated tissue looks
paler than normal tissue. This principle was exploited by Anderson et al. [5], who
performed RF ablation on healthy animals and monitored reflectance
measurements through a fiber-optic probe. Empirical methods were used for
analysis of reflectance spectra in which the spectral intensities at certain
wavelengths were correlated with the degree of thermal damage during RF
ablation. They found that an increase in the absolute reflectance intensity
correlated with the histological degree of thermal damage. Similar results were
achieved by Hsu et al., who performed spectral measurements on both animal
and human liver tissue [29]. The time course of spectral changes observed in
Anderson are consistent with the three characteristic stages of ablation observed
in the present study.
In the study by Anderson, spectral changes occurred as the ablation zone
progressed past the spectroscopy probe. During the first stage, spectra showed
minimal deviation from the spectral shape of native liver parenchyma. Stage 2
changes occurred as the advancing hemorrhagic zone reached and passed the
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spectroscopic probe, whereas stage 3 changes occurred only when the liver tissue
was fully coagulated. However, the absolute magnitude of a reflectance spectrum
is dependent on a subtle variation in probe-to-tissue coupling and pressure,
making it difficult to obtain reproducible and reliable reflectance spectra from the
measured tissue [30]–[32].
This study differs from previous studies in various ways. First, using derivative
spectroscopy, we mainly focused on the spectral characteristics of metHb, while
eliminating the magnitude difference and suppressing the background effects
from scattering and other substances (e.g. oxyHb, deoxyHb, and bile). We
showed that calculating the slope of the reflectance spectra could be applied to
follow subtle changes in the shape of spectral bands. Second, by performing
spectroscopy in vivo during open RF ablation, we demonstrated that the
identified spectral characteristics could be used to assess the degree of thermal
damage after RF ablation after the tissue temperature had normalized. The
feedback information provided by DRS, as deployed in a fiber-optic needle, can
help the interventionist in multiple ways. When the tumor being targeted is
located near vital structures that might be damaged by heating (e.g. gall bladder,
major blood vessels, bowel), a spectroscopy needle can be placed at a critical
point away from the tumor. Real time monitoring of tissue during an ablation
procedure could then be used to determine when a particular level of tissue
damage has been reached and, therefore, reduce the chance of local recurrence,
while preserving surrounding healthy tissue. Furthermore, DRS could be used
directly after RF ablation to check focal areas of tissue that are suspected for
inadequate ablation.
This may improve procedure outcome and disease-free survival. Further research
is needed in which three-dimensional spectroscopic information is acquired at
various distances from the ablation electrode during and after RF ablation.
Although the results of the present study are of specific interest for liver RF
ablation, analogue results were observed in other fields, such as laser
photocoagulation of vascular skin lesions [10], [11] and assessment of skin burns
[12]. Interestingly, similar results were observed in the area of cardiac ablation
monitoring, where methmyoglobin was found in ablated cardiac muscle tissue, as
described by Swartling et al. [33] These results make DRS a promising diagnostic
tool to verify irreversible thermal damage for heat-based therapy in general.
It should be noted that the results presented here are subject to some
uncertainties. Although derivative analysis is insensitive to slow changes in the
measured reflectance curve, alterations in scattering slope may have influenced
the calculated values for the OAR to a certain extent. For example, in the spectral
slope shown in Figure 7.6c, it can be observed that the metHb peak around 660
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nm shifted toward higher wavelengths. This is expected due to an increase in the
scattering within the tissue. To minimize the effect on the exact value for the OAR,
automated peak detection was used.
Furthermore, during the heating of blood samples and tissue, the spectra of
various tissue chromophores, including oxyHb and deoxyHb, may change shape
and slightly shift to red wavelengths (bathochromic shift). The influence of these
dynamic optical property changes on the OAR were not further studied here.
Another uncertainty is the exact temperature and heating time needed to cause
irreversible thermal damage.
From a clinical point of view, an ideal marker for RF ablation should provide a
reliable, quantitative prediction as to whether or not tissue has been adequately
ablated. The presence of such a marker should, therefore, be correlated with the
extent of the thermal damage achieved. We have demonstrated that thermal
coagulation of liver tissue can be quantified using specific spectral information,
which is expected to be due to rapid thermal conversion of hemoglobin to
metHb. A strategy using a combination of the reflectance intensity, as mentioned
earlier, and features extracted from the spectral shape may have the potential to
improve the overall sensitivity of a future instrument. Furthermore in humans
additional studies to evaluate the exact relation between the proposed spectral
markers and extend of thermal tissue damage are needed. This will provide a
means to directly validate the quantitative physiological aspects of this technique
in a clinical setting and may directly increase the clinical success rate of RF
ablations of tumor lesions in liver, lung, and renal cancer.

C ONC LUSION
In summary, this study shows the potential of real time liver ablation monitoring
by reflectance measurements at the tip of a needle. We have presented evidence
that the thermal coagulation of liver tissue involves significant changes in the
spectral slope, which is thought to be due to the thermal formation of metHb.
This opens the potential to dynamically monitor the extent of irreversible thermal
tissue damage based on these spectral features. Currently, a more extensive in
vivo human study is being performed as a next step toward clinical
implementation.
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ABSTRAC T
The success of radiofrequency (RF) ablation is limited by the inability to assess
thermal tissue damage achieved during or immediately after the procedure. The
goal of this proof-of-principle study was to investigate whether diffuse reflectance
(DR) spectroscopy during and after RF ablation of liver tumours could aid in
detecting complete tissue ablation. DR spectra were acquired in vivo in eight
patients undergoing RF ablation for unresectable colorectal liver metastases,
using a disposable spectroscopy needle. Intraoperative ultrasound imaging was
used for accurate positioning of the RF electrode and the spectroscopy needle.
Spectral changes were quantified and correlated to tissue histopathology and
follow-up CT imaging. For the lesions in which ablation was monitored by DR
spectroscopy (N = 8), median tumour size was 1.6 cm (range 0.8 - 3.3 cm). We
found an excellent correlation (97 - 99%) between thermal damage suggested by
spectral changes and histology. DR spectroscopy allowed discrimination between
non-ablated and ablated tissue, regardless whether the needle was placed in
tumour tissue or in surrounding liver tissue. Additional measurements performed
continuously during ablation confirmed that the magnitude of spectral change
correlates with the histochemical degree of thermal damage. Diffuse reflectance
spectroscopy allows accurate quantification of thermal tissue damage during and
after RF ablation. Real-time feedback by DR spectroscopy could improve the
accuracy and quality of the RF procedures by lowering incomplete ablation rates.
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INTRODUC TION
Colorectal cancer (CRC) has the world’s third most frequent cancer incidence and
cancer related death [1], [2]. Up to 50% of CRC patients will develop metastatic
disease, primarily in the liver [3]. Approximately 25% of these patients are eligible
for resection of the liver metastases. For the rest, radiofrequency (RF) ablation has
shown to be a valuable treatment option when feasible [4]. With the appropriate
experience, open RF ablation procedures during surgery can be performed with
local recurrence rates comparable to resection in selected patients [5], [6].
Nonetheless, during ablation, there remains a degree of uncertainty on the actual
ablated tumour free margin and treatment effect, as current imaging techniques
(US, CT, or MRI) cannot accurately determine the advancing ablation margin
during the RF ablation procedure [7], [8]. While open RF ablation procedures
during surgery generally report local recurrence rates below 20% [9], [10], local
recurrence rates of percutaneous RF ablation vary between 9% and 40%
depending on the number of lesions, size, and location [11]–[13]. Lesions smaller
than 4 cm treated percutaneous by experienced hands can reach local recurrences
rates comparable to open RFA procedures [14], [15].
Optical techniques, such as diffuse reflectance (DR) spectroscopy at the tip of a
fibre-optic needle (i.e. spectroscopy needle) may enable real time tissue
monitoring by measuring specific physiological information from the examined
tissue. By illuminating the tissue with a selected spectral band of light and
subsequently measuring the reflected light that has been altered by scattering
and absorption by the tissue, one can obtain an “optical fingerprint” of the tissue.
This may enable real-time monitoring of the progress of ablation as well as
determining the extent of the ablated area at various critical points of interest
(e.g. near large vessels) after the procedure has been completed. In this way DR
spectroscopy can determine the adequacy of the ablation, thereby potentially
improving procedure outcome and local recurrence rates.
Various teams have successfully focused on spectroscopic detection of thermal
damage of animal liver tissue. An increase in reflectance intensity and a decrease
in overall fluorescence intensity are correlated with the histological degree of
thermal liver tissue damage [16]–[19]. An ideal marker for RF ablation should
provide a reliable measure whether or not tissue has been adequately ablated. In
a recently published preclinical study we have demonstrated that thermal
coagulation of liver tissue can be quantified using specific spectral information
[20]. The identified spectral characteristics were used to evaluate ablation margins
during and after ablation. The aim of the current study is to determine whether DR
spectroscopy used during radiofrequency (RF) ablation of colorectal liver
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metastases could aid in detecting when tissue becomes adequately ablated.

PATIENTS AND METHODS
This observational study was conducted at The Netherlands Cancer Institute –
Antoni van Leeuwenhoek hospital under approval of the institutional review board
(Dutch trial register NTR2557). Patients with unresectable CRLM scheduled for
open intraoperative RF ablation, whether or not in combination with hepatic
resection of additional liver metastases, were eligible for inclusion. Liver
metastases (< 4 cm) that were not eligible for resection were considered for RF
ablation. Written informed consent for study participation was obtained from each
included patient. Spectroscopy system DR spectroscopy measurements were
performed using a portable spectroscopic system. General principles of DR
spectroscopy, operating features of the spectroscopy system, and calibration
procedure have been described before by Nachabe et al. [21], [22]. The tissue was
probed using a sterile disposable 15 Gauge spectroscopy needle (Invivo, Best,
The Netherlands) containing four identical fibres with a core diameter of 200 mm.
Two fibres were connected to two separate Tungsten/Halogen broadband light
sources with integrated shutters (Ocean Optics, HL-2000-HP), whereas a third
fibre was connected to a spectrometer (Silicon detector; Andor Technology,
Belfast, United Kingdom), optimized for wavelengths between 400 and 1050 nm.
The remaining fourth fibre, designed for fluorescence spectroscopy, was not used.
Spectra were acquired for two distances between the source and detector fibre; a
long distance (LD) source-detector fibre separation at 1.70 mm and a short
distance (SD) source-detector fibre separation at 0.34 mm. The spectroscopy
needle was designed to withstand the temperature changes during the RF
ablation. The acquisition time of each measurement was on average 0.3 s. The
system was controlled by a Lab- View software user interface (National
Instruments, Austin, Texas, USA).
C linical procedures
DR spectroscopy LD and SD measurements were performed in the operating
room before and after complete tumour ablation in eight patients. Intraoperative
ultrasound (US) imaging performed by a radiologist was used for accurate
positioning of the RF electrode. Two sets of baseline measurements were taken
by placing the spectroscopy needle in healthy liver tissue away from the tumour
and in the tumour tissue through a standard 14 G hollow guidance cannula
(Invivo, Best, The Netherlands). Next, the spectroscopy needle was retracted
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leaving the cannula in situ and through this cannula a 16 G core needle biopsy
was taken to ensure the biopsy site corresponded with the measurement site.

Figure 1. Overview of measurement and biopsy sites. After tumour ablation DR spectroscopy
measurements were taken in the normal liver parenchyma ablation zone in 4 directions (marked black
X), followed by a biopsy and marking with twist coil markers (arrows) to allow follow-up with CTimaging. Also before and after ablation reference tumour core biopsies were taken (marked white X).

To prevent tumour seeding, instruments (i.e. guidance cannulas, spectroscopy
needles, and biopsy tools) that had been inserted in the tumour were discarded.
After the ablation was completed, the DR spectroscopy measurements and biopsy
procedures were repeated in four directions (north, east, south and west) just
outside the tumour (ablation zone) and in the ablated tumour core. The
measurement sites were marked with twist coil markers (OTM 3.0SA, BIP GmBh,
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Turkenfeld, Germany) in order to correlate the DR spectroscopy measurement
sites to the ablation area visible on follow-up CT-imaging (Fig. 1).
In a subset of three patients, additional DR spectroscopy LD measurements at the
tumour margin were performed during the RF ablation procedure. LD
measurements were performed with a 2-min interval during ablation. Tissue
samples were taken from the measurement site at 4, 8, and 12 min during the RF
ablation procedure to allow for histochemical evaluation of tissue vitality.
All medical staff members were blinded to the spectroscopy system output to
prevent possible operator bias. Ablations were performed under standard
operating procedures (according to the manufacturer’s guidelines) over a 12-min
period, using an internally cooled tripod RF electrode (Cooltip™ RF ablation
system, Boulder, CO, USA).
To detect any local recurrence a strict follow-up schedule was followed consisting
of carcinoembryonic antigen (CEA) levels and CT-scan of the abdomen every 3
months for the first 2 years, and every 6 months until year 5 after the procedure.
Histological and histochemical evaluation
Tissue samples obtained before and after full ablation were formalin-fixed and
processed routinely for microscopic examination. These tissue samples were used
to confirm the DR measurement locations (e.g. healthy liver parenchyma, tumour).
Tissue samples of three patients that were obtained during the course of a full
ablation were immediately frozen by liquid nitrogen and stored at -80 °C to allow
histochemical (enzymatic) staining with nicotinamide adenine dinucleotide
diaphoresis (NADH). NADH staining is an earlier marker of tissue viability than HE
staining, since it permits evaluation of cell viability based on enzymatic activity
rather than cellular architecture [23]–[26]. NADH staining of abdominal muscle
samples served as an internal reference for each individual patient.
Interpretation of spectra
Spectral analysis was performed using Matlab 8.3.0.532 (Mathworks, Natick, MA).
From each SD and LD reflectance spectrum, the spectral slope (first derivative)
was calculated, which represents the change of reflectance intensity with respect
to the change of the wavelength. The spectral slope yields a characteristic profile
from which subtle changes in the reflectance spectrum can more easily be
distinguished. The reflectance measurements and corresponding spectral slope
were evaluated for wavelengths ranging from 450 to 800 nm. Measurements were
normalized using the reflectance intensity value at 800 nm. In previous work, we
have described and validated a method to extract spectral changes due to
thermal ablation using the optical ablation ratio (OAR) [20]. The OAR represents
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the relative difference between two peaks (630 nm; 675 nm) in the spectral slope
that have been associated with heat-induced formation of methaemoglobin
(MetHb) from haemoglobin. The OAR is based on the fact that the formation of
metHb correlates well with tumour cell death.
Statistics
The OAR was calculated for all reflectance spectra and pooled results were
displayed in boxplots. For each tissue type the OAR values before and after
ablation were compared using the non-parametric Wilcoxon signed-rank test. A pvalue of < 0.01 was considered statistically significant. Receiver operating
characteristics (ROC) curves and corresponding area-under-the-curve (AUC) values
were calculated to evaluate diagnostic performance.

RESULTS
A total of eight patients (5 male and 3 female) were included; mean age was 68
years (range: 47 - 71 years), median number of liver lesions per patient was 3
(range: 1 - 7). All lesions were treated by RF ablation, except in three patients
where it was combined with partial liver resection.
Four patients had been treated with neo-adjuvant systemic treatment; i.e.
capecitabine and oxaliplatin ± Bevacizumab for a median of four cycles (range 2 4). For the lesions in which ablation was monitored by DR spectroscopy, median
tumour size was 1.6 cm (range 0.8 - 3.3 cm).
RF ablation induced spectral changes
Fig. 2 illustrates the change in SD reflectance spectra and spectral slope due to RF
ablation in normal liver tissue (331 spectra) as well as in tumour tissue (85 spectra).
In non-ablated normal liver and tumour tissue the average reflectance spectra
were largely dominated by the characteristic features of oxyhaemoglobin (546 and
577 nm) and deoxyhaemoglobin (550 nm) (Fig. 2a). Ablation caused flattening of
these haemoglobin features and an overall decrease in normalised reflectance
over the whole measurement range. Similar spectral changes were seen in LD
spectra. These effects are attributed to a combination of increased scattering due
to protein denaturation and thermal conversion of haemoglobin to metHb, as
previously reported [20], [27]. The latter results in a small negative peak around
630 nm and a strong positive peak around 675 - 690 nm in the spectral slope (Fig.
2b). The spectral slope (R’) was quantified for SD and LD by calculating the OAR
(i.e. the relative difference between two peaks - denoted as λ1 and λ2.
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Fig. 2c and d show a typical example where ablation of healthy liver tissue caused
an increase in OAR from 0.09 to 0.18 and from 0.21 to 0.54 for SD and LD,
respectively.
C ohort analysis
OAR values were compared between non-ablated and ablated liver and tumour
tissue. This was done for all SD and all LD spectra. The set of boxplots in the top
row of Fig. 3 show that for both SD and LD the increase in OAR due to ablation is
a good discriminator (p < 0.01) for liver tissue ablation (just outside the tumour
border) as well as tumour tissue (in the tumour core). Corresponding ROC-curves
were generated by successively changing the thresholds for the OAR to
determine correct and incorrect classifications (non-ablated vs. ablated). The
results in Fig. 3 demonstrate the OAR (ROC-AUC values: 0.967 to 0.989) can
accurately discriminate between non-ablated and ablated tissue, regardless
whether the needle is placed in tumour tissue or surrounding liver tissue.
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Figure 2. a) Average spectra of short distance reflectance spectra (R) and b) corresponding spectral
slopes (R’) versus the wavelength in the range 450-800 nm, obtained in non-ablated and ablated tumor
tissue and surrounding liver tissue. Reflectance spectra and spectral slopes were normalized to the
intensity at 800 nm. For both normal and tumor tissue, ablation led to a more pronounced negative
peak around 630 nm (green arrows) and a strong positive peak around 675e690 nm (orange arrows) in
the spectral slopes. Intensities are given in arbitrary units. c) and d) Typical example of spectral slopes
(R’) from short distance (SD) and long distance (LD) reflectance spectra in liver tissue, measured before
and after tissue coagulation. Spectral slopes were normalized to the intensity at 800 nm.
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Figure 3. Boxplots of OAR values derived from the spectral analysis of measurements in liver
parenchyma (a) and tumour tissue (b). Receiver operating characteristics (ROC) curves of discriminating
results based on OAR values for both tissues using SD and LD (c-f). AUC: area under ROC curve.

C ontinuous DR measurements during RF ablation
To investigate the dynamics of spectral changes during ablation and the relation
to cell death, LD reflectance measurements were acquired continuously during
open RF ablation in three subjects (N= 25, N= 37, N= 35 measurements) and
correlated to enzymatic staining. The added real-time spectral monitoring did not
interfere with the standard clinical workflow of an open RF procedure. Fig. 4
demonstrates a typical OAR time course graph of a full ablation procedure
performed using LD reflectance spectroscopy monitoring. Biopsies for enzymatic
staining were taken before the start of the procedure, during the procedure (4 and
8 min) and after completion.
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Figure 4. RF ablation monitoring in vivo. Representative graph illustrating the correlation of thermal
tissue damage (NADH staining) with dynamic changes in OAR (long distance) measured in vivo during
open RF ablation.

The change over time in OAR could roughly be divided into three stages: a period
of negligible change (stage 1), a steep increase in OAR (stage 2), and a plateau
phase (stage 3). Stage 1 represents a period of negligible change in OAR in
comparison with that of native liver tissue. Stage 2 changes are seen when the
heat exposure exceeds the threshold that is needed for permanent tissue
alterations. This was confirmed on pathology slides where the first signs of tissue
damage could be seen. Stage 3 plateau phase corresponds with evidence of
complete tissue ablation (no enzymatic activity). In Table 1 an overview is given of
the spectroscopy measurements, the pathological results of the biopsy at the
ablation margin and the postoperative CT-scan for marker (biopsy) location of all
patients. Pathologic examination showed that the biopsies were all taken in
normal liver tissue surrounding the tumour, except on one site, which was taken
exactly on the tumour margin and showed both tumour and normal liver tissue.
Postoperative CT scan showed that all markers were located in the ablated area;
therefore we can conclude all spectroscopic measurements were taken in the
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ablation margin surrounding the tumour. After a median follow up of 883 days
(range 462 - 1230) no local recurrences were seen.
Table 1
RF ablation margin analysis using the OAR. For each patient DR measurements were performed at the
ablation margin. OAR values were crossvalidated with histological results of tissue samples taken at the
measurements location, CT-imaging and follow-up results.
Patient
Optical ablation
Histological
CT imaging
Local
ratio (OAR)
confirmation ‘liver
confirmation ‘marker
recurrence
Mean (range)
parenchyma’
in ablated tissue’ %
N (follow up
% (N)
(N)
in days)
Patient 1
0.60 (0.55-0.70)
100% (4/4)
100% (4/4)
0 (685)
Patient 2
0.51 (0.36-0.80)
100% (4/4)
100% (4/4)
Patient 3
0.60 (0.43-0.90)
100% (4/4)
100% (4/4)
Patient 4
0.63 (0.30-0.92)
100% (4/4)
100% (4/4)
Patient 5
0.58 (0.29-0.80)
100% (4/4)
100% (4/4)
Patient 6
0.56 (0.37-0.80)
100% (4/4)
100% (4/4)
Patient 7
0.65 (0.44-1.0)
100% (4/4)
100% (6/6)
Patient 8
0.44 (0.33-0.64)
100% (4/4)*
100% (3/3)
*
Biopsy exactly on tumour edge, both normal and tumour tissue in biopsy.

0 (1220)
0 (1182)
0 (1230)
0 (883)
0 (462)
0 (768)
0 (883)

DISC USSION
Despite the widespread use of RF ablation, a major drawback in the current
management of liver tumours with RF ablation is the lack of an effective modality
to accurately monitor real-time progress of the ablation zone. In the current study
we described the first spectroscopy-based feedback system to monitor thermal
damage in vivo during a series of clinical RF ablation procedures. In the first part
of the study a series of liver tumour ablations were performed in eight patients
and reflectance spectra were acquired from liver tissue and tumour tissue before
and after ablation. Ablated tumour tissue as well as surrounding normal liver tissue
could be discriminated from non-ablated tissue in vivo with more than 96%
accuracy using the OAR parameter. Using core needle biopsies and follow-up CT
imaging, we confirmed that these DR spectroscopy measurements were all
performed within the RF ablated zone. In the second part of the study we showed
in a subset of patients that reflectance spectra can be measured in vivo during the
RF ablation procedure and that the observed spectral changes correlate well with
enzymatic markers of tissue damage.
Various studies have successfully focused on spectroscopic detection of thermal
damage of animal liver tissue. Anderson et al. [17] and Buttemere et al. [18]
performed in vivo animal studies of spectroscopic changes after RF ablation of
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canine livers. They showed an increase in reflectance spectra in the near-infrared
spectra (600 - 800 nm) after complete ablation and they correlated these spectral
changes to thermal tissue damage (histology or electron microscopy), concluding
DR spectroscopy could be a useful feedback parameter for thermotherapy for liver
tumours. The time course of spectral changes observed in Anderson et al. are
consistent with the three characteristic stages of ablation observed in the present
study. The difference in our method and those presented in previous studies is
that we extract diagnostic information from the spectral shape rather than looking
at absolute differences in spectral intensity. The latter method is expected to be
more susceptible to variation in probe-to-tissue coupling and pressure, making it
difficult to obtain reproducible and reliable reflectance spectra from the measured
tissue. A strategy using a combination of the reflectance intensity and features
extracted from the spectral shape may have the potential to improve the overall
sensitivity of a future instrument.
Various strategies have been investigated as ways to assess tissue thermal
damage more accurately. To estimate the completeness of RF ablation, two
endpoints have been commonly used: 1) monitoring of tissue temperature or
impedance during and immediately after ablation and/or 2) definition of the
extent of the ablation zone with anatomical imaging. Temperature can be
measured by placing thermocouples into the ablation site or by magnetic
resonance (MR) thermometry. However, as many tissues, including tumour, have
variable heat sensitivity, temperature alone is not an accurate measure for thermal
tissue damage [28], [29]. Several imaging techniques have been used to assess
thermal tissue damage, e.g. intraoperative (contrast-enhanced) ultrasound or
intraprocedural CT scanning in case of percutaneous ablation. However, with both
techniques tissue ablation or necrosis is still difficult to differentiate from residual
disease. Also postoperative MR imaging has been used to determine the degree
of tissue destruction, although MR can detect necrosis better than CT imaging, it
remains a (logistically challenging) postprocedural technique that would require a
second intervention instead of an immediate additional ablation [28].
In the present study we have investigated a different approach to determine
permanent tissue damage. Heat-induced tissue damage results in the conversion
of haemoglobin to methaemoglobin. This change in tissue characteristics can be
measured by the change in reflectance of the optical spectra and was quantified
by using an optical ablation ratio (i.e. OAR). The observed in vivo increase in the
OAR is consistent with the results of our previous ex vivo studies. In our previous
study it was shown that the slope of the reflectance spectra could be used to
follow subtle changes in the shape of spectral bands. We also demonstrated that
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the identified spectral characteristics could be used to assess the degree of
thermal damage of RF ablation after the tissue temperature had normalized. The
spectroscopy needle allowed measurement of reflectance for two source-detector
fibre separations (SD and LD). In general, smaller distance between the emitting
and collecting fibres will result in a lower penetration depth and smaller sampling
volume, which may render it more susceptible for measurement contamination by
blood at the needle tip, especially during in vivo measurements in well-perfused
tissue. In order to enhance the reliability of our method, we therefore chose to use
the larger fibre distance (LD) for the measurements that were performed during
the in vivo ablation.
As mentioned before, resection is the treatment of choice for resectable
colorectal liver metastases. Due to its initial high local recurrence rate, RF ablation
was being used as a suboptimal treatment option and mainly reserved for patients
unfit for surgery or with unresectable disease. In recent years, local recurrence
rates have improved due to better imaging and improved RF ablation techniques.
Strict patient selection (solitary lesions, < 3 cm) has resulted in low LR rates [15]
after surgical RF ablation procedures, however the majority of patients do not fit
these criteria. Current local recurrence rates for multiple or larger lesions, or
percutaneous RF ablation procedures vary between 9% and 40% [9]–[13]. Various
studies have shown that tumour size, number and location influence local
recurrence rates. Together with local treatment expertise this can determine
whether an oncological safe tumour ablation can be achieved. In the end, an
inadequate RFA procedure due to the inability to determine real-time the extent
of the ablation, for whatever reason, will result in residual viable tumour tissue,
which will likely develop into a local recurrence. Feedback information provided
by a spectroscopy needle, as used in the present study, can help the
interventionists (surgeons and radiologists) to improve their results. When the
targeted tumour is located near vital structures that might be damaged by heat
(e.g. gall bladder, central bile ducts), or when complete tumour ablation is
impaired (e.g. heat-sink phenomena), a spectroscopic needle can be placed at a
critical point of interest to monitor tissue ablation real-time. Also post-procedural
quality control can be used at different sites to determine the level of tissue
damage that has been reached and, therefore reduce the chance on local
recurrences, while preserving surrounding healthy liver tissue. Potentially, it could
also be used for not only for RF ablation procedures, but also for other local
thermal ablative techniques, such as microwave ablations and high intensity
focused ultrasound.
In conclusion, the current feasibility study shows that DR spectroscopy allows
discrimination between ablated and non-ablated tumour and surrounding liver
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tissue with high accuracy. Larger studies are needed to confirm our data and
further elucidate the clinical benefit. We believe that real-time monitoring and
quality control of local ablative techniques (surgical or percutaneous) by DR
spectroscopy could be of added value for achieving an adequate and oncological
safe ablation margin.
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ABSTRAC T
Over the last decade, an increasing effort has been put towards the
implementation of optical guidance techniques to aid surgeons during cancer
surgery. Diffuse reflectance spectroscopy (DRS) and fluorescence spectroscopy
(FS) are two of these new techniques. The objective of this study is to investigate
whether in vivo optical spectroscopy is able to accurately discriminate colorectal
liver metastases (CRLM) from normal liver tissue in vivo. DRS and FS were
incorporated at the tip of a needle and were used for in vivo tissue differentiation
during resection of CRLM. Measurements were taken in and around the tumor
lesions and measurement sites were marked and correlated to histology (i.e.
normal liver tissue or tumor tissue). Patients with and without neoadjuvant
systemic chemotherapy were included into the study. Four hundred and eightyfour measurements were taken in and near 19 liver lesions prior to resection.
Overall sensitivity and specificity for DRS was 95% and 92%, respectively. Bile was
the most discriminative parameter. The addition of FS did not improve the overall
accuracy. Sensitivity and specificity was not hampered by neo-adjuvant
chemotherapy; sensitivity and specificity after neo-adjuvant chemotherapy were
92% and 100%, respectively. We have successfully integrated spectroscopy
technology into a disposable 15 Gauge optical needle and we have shown that
DRS and FS can accurately discriminate CRLM from normal liver tissue in the in
vivo setting regardless of whether the patient was pre-treated with systemic
therapy. This technique makes in vivo guidance accessible for common surgical
practice.
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INTRODUC TION
Colorectal cancer (CRC) is one of the top three most-frequent causes of cancer
related death [1]. During their lifetime up to half of the CRC patients will
develop liver metastases (CRLM). An increasing number of these patients are
operated by laparoscopic or even robotic liver resection. During these
procedures tactile feedback on tumor position is not available and finding the
optimal resection plane is challenging. In addition, many patients receive neoadjuvant chemotherapy, resulting in tumor shrinkage and less well-defined
tumor borders during resection. Under such conditions, where feedback on the
exact tumor location is missing or less accurate, smart surgical devices that are
able to delineate safe resection planes could be of significant help to the
surgeon. To date, there are no direct in vivo methods available to discriminate
colorectal liver metastases from normal liver tissue.
Over the last decade, significant effort has been put towards the incorporation
of optical guidance techniques for tissue differentiation during oncological
surgery [2], [3]. Among others, diffuse reflectance spectroscopy (DRS) proved
to be a promising technique for tissue recognition during surgery [4]. In DRS,
tissue is illuminated with a selected spectrum of light. Subsequent analysis of
the characteristic scattering and absorption patterns provides an “optical
fingerprint” of the examined tissue enabling discrimination between healthy
and tumor tissue. For several human tissue types, such as breast, lung and oral
cavity, accuracies over 80% have been described for discrimination between
normal tissue and tumor tissue in mainly ex vivo analyses (5–10). Recently we
have demonstrated that, DRS is able to accurately discriminate tumor tissue
from normal liver tissue in ex vivo surgical resection specimens and in vivo RFA
ablations of CRLM (11–13).
The aim of the present study is to investigate whether in vivo optical
spectroscopy in the presence of blood during the surgical procedure is able to
accurately discriminate CRLM from normal liver tissue and whether this is
influenced by neo-adjuvant chemotherapy.

MATERIALS AND METHODS
Patients
This study was conducted at The Netherlands Cancer Institute under approval
of the protocol and ethics review board (Netherlands Trial Register NTR2557).
Patients ≥ 18 years old scheduled for an open liver resection for metastatic
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colorectal cancer were eligible for inclusion. Written informed consent was
obtained from all patients. Patients who had no residual disease after neoadjuvant chemotherapy or who had suspected sensitivity to light were
excluded.
Procedure
Optical measurements were performed during the surgical procedure before
transection of the liver parenchyma. The surgeon and radiologist identified the
CRLM by ultrasound and determined the intended resection plane (figure 1). A
custom-made 14G hollow guidance cannula (INVIVO, Schwerin, Germany) was
inserted into the normal liver tissue within the planned resection area and the
tip was positioned under ultrasound guidance, first into normal liver tissue (for
the normal liver tissue measurements) and later near the edge of the tumor
tissue (for the tumor tissue measurements). A 15G optical needle was inserted
through the cannula protruding 1 cm into the tissue. Theater lights were
dimmed during the optical measurements to prevent contamination of the
collected spectra. Four sets of five optical measurements were performed; two
sets in normal liver tissue and two sets in tumor tissue. Normal liver tissue
measurements were performed at least 2 cm from the CRLM. Directly following
the optical measurements a twist coil marker (OTM3.0SA, Biomed. Instrumente
and Produkte GMBH, Türkenfeld, Germany) was inserted through the cannula
to mark the measurement locations in normal liver tissue and tumor tissue in
order to retrieve and correlate histopathology from these sites at tissue
sectioning.

Figure 1. Schematic of the optical measurement setup (left) and photo example of an optical
measurement using ultrasound guidance (right).
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Spectroscopy system
The optical spectroscopy instrumentation and calibration procedure of our
system has been described previously [12]–[14]. In short, the calibration of the
spectroscopy system prior to tissue measurements consisted of several steps,
including calibrating the system with a white reflectance standard
measurement to correct for system response (spectral variations of the light
source, spectrometer, fiber transmission, etc). The spectroscopy system was
calibrated for system response by measuring reflectance from a spectrally flat
barium sulfate casing around a non-sterile calibration needle. After the
calibration, the calibration needle was disconnected and the sterile-packaged
fiber-optic needle was connected for the tissue measurements. This method
allows correcting for day-to-day variations. The spectroscopy system consisted
of a console comprising a Tungsten/Halogen broadband light source, two
spectrometers and a 15G fiber optical needle (INVIVO, Schwerin, Germany)
containing four optical fibers. The needle tip was slanted and the distance
between emitting and collecting fibers was 1.9mm, resulting in a probing
depth of ~1-2mm. The diffusely reflected light from the target tissue was
collected by the two spectrometers, one which resolves light between 400 nm
and 1100 nm (Andor Technology, DU420A-BRDD) and one which resolves light
from 800 up to 1700 nm (Andor Technology, DU492A-1.7). The two measured
spectra were merged into one single spectrum from 400nm to 1600nm. The
acquisition time of each spectrum was on average 0.3 seconds. The fourth fiber
was designed for fluorescence spectroscopy. For FS, the system was equipped
with a semiconductor laser (377nm) to induce autofluorescence.
Data analysis
Light emitted by the illumination optical fiber is subject to absorption and
scattering. Each biological substance in the probed tissue has its intrinsic
optical absorption characteristic as a function of wavelength. Hemoglobin and
bile are the dominant chromophores in the wavelengths between 500 and
900nm [10]. Fat, water and collagen are the dominant chromophores in the
wavelengths between 900 and 1600nm [14]. Diffuse reflectance spectra
acquired from the tissue were fitted and analyzed over the wavelength range
from 500 to 1600nm. The volume fraction or concentration of each
chromophore within the tissue can then be estimated from the optically
obtained absorption coefficients. Next to these parameters we can also
deduce oxygen saturation (StO2). The scattering characteristics are dependent
on the cellular structure of the target tissue and are sensitive to size and
density of cellular and subcellular structures. Optical scattering was defined by
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a reduced scattering amplitude and slope at an arbitrarily given wavelength of
800nm (S800 parameter).
Intrinsic fluorescence from the tissue was calculated by correcting the acquired
fluorescence spectra for absorption and scattering from the DRS spectra. This
correction method is based on a modified photon migration method that was
developed by Zhang and Müller et al. [15] and modified and further tested by
Muller and Hendriks et al. [16]. In this theory the light propagation in a turbid
medium is described in terms of photons traveling in paths with discrete
photon-tissue interaction events where absorption, scattering or induction of
fluorescence can occur. The corrected spectra were fitted by using the intrinsic
fluorescence spectra (excitation at 377 nm) of collagen, elastin, NADH and
FAD as a priori knowledge [17]. Concentrations of collagen, elastin, NADH and
FAD were then calculated. The metabolic state of the tissue was determined
using the optical redox ratio (ORR; NADH/NADH+FAD) [18], [19]. Spectral
characteristics analysis was performed with a Matlab software package
(MathWorks Inc., Natick, MA).
Histopathological analysis
The pathologist located the twist coil markers and the surrounding normal or
tumor tissue was excised for tissue analysis. Tissue specimens from all
measurement locations were fixed in formalin, paraffin embedded and stained
with Hematoxylin and Eosin (H&E). Two experienced pathologists, who were
blinded for the outcome of the spectroscopy analysis, individually examined all
histological slides.
Statistical analysis
Analyses were performed using SPSS (Statistical Package for the Social
Sciences, version 16.0). Statistical differences between tumor and normal liver
tissue and for type of treatment (chemotherapy vs. non-chemotherapy) were
determined using a non-parametric Kruskal-Wallis test [20]. P-values smaller
than 0.01 were considered statistically significant. Data is presented on a lesion
basis. Sensitivity and specificity is based on all available measurements.
A Classification and Regression Tree (CART) algorithm was used to
automatically classify tissue measurements into either of the two defined tissue
types (normal liver or tumor tissue). CART is a prediction model that can be
represented as a decision tree [21]. For validation, a leave-one-out (LOO) cross
validation scheme was used. The main advantage of the CART algorithm is the
easy way the data can be interpreted and judged for clinical relevance.

98
98

RESULTS
Seventeen patients were included in the study. The average age was 62 years
(range 38 - 74) and the majority of the patients were male (N=13). In total 19
CRLM were optically measured and resected. One patient had 3 lesions
resected that were all measured individually. Seven patients (carrying 9 lesions)
received neo-adjuvant systemic chemotherapy within 3 months before liver
resection. The administered regimens consisted of capecitabine and oxaliplatin
with or without Bevacizumab in a 3-week cycle for 4 to 9 cycles.
A typical example of the DRS and FS spectra in normal liver tissue and CRLM is
depicted in figure 2. Clear differences in shape of the spectra can be observed
between normal and tumor tissue. Typical for normal liver tissue in the DRS
spectrum is the significant light absorption in the wavelength region 400600nm due to a high hemoglobin concentration. The reconstruction of the
intrinsic fluorescence spectra (especially the part below 500nm) is therefore
hampered.

Figure 2. Typical examples of normal liver parenchyma (top row) and CRLM (bottom row) with H&E
pathology slides (left) corresponding DRS (middle) and FS (right) spectral measurements. Results of
DRS and FS spectra are measured (blue lines) and subsequently fitted according to the fitting
model (red lines).
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Tissue parameter quantification
Figure 3 shows boxplots of the various parameters for all analyzed lesions. For
DRS measurements, hemoglobin, StO2 and bile showed a significant difference
between normal liver tissue and tumor. As can be judged from figure 3, bile
was the best discriminating tissue chromophore. For FS measurements, a
significant difference between normal liver tissue and tumor was observed for
the ORR; all other parameters such as collagen and elastin were not statistically
different. Additionally to the depicted parameters in the boxplots, we have
observed two statistically non-significant porphyrin-like peaks in some normal
and tumor lesions that will be discussed in more detail in the discussion
section.

Figure 3. Boxplots of the DRS and FS tissue parameters in normal liver tissue (Green) and CRLM
(Red) for all 19 CRLM. An “*” indicates a significant difference between both tissue types (P<0.01).

Neo- adjuvant chemotherapy
Seven patients (9 tumor lesions) received neoadjuvant chemotherapy. Figure 4
shows the boxplots for the significant discriminative parameters (bile,
hemoglobin, StO2, and ORR) in patients treated with and without neo-adjuvant
chemotherapy. These parameters, except for StO2, showed a consistent trend
in both groups (chemo and non-chemo) and are in accordance to the overall
analysis (presented in figure 3), i.e. hemoglobin and bile are lower in tumor
tissue compared to normal liver tissue, and the ORR is higher in tumor tissue
compared to normal liver tissue. StO2 levels were higher in tumor tissue for
patients treated with chemotherapy when compared to chemotherapy naïve
patients.
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Per lesion analysis
We analyzed all parameters individually per lesion and compared the average
value of each parameter in tumor tissue to the average value in normal liver
tissue (table 1). The average concentration of bile was in 18 out of 19 lesions
(95%) lower in tumor tissue compared to normal liver tissue. Also the ORR
showed a clear discriminating result; 17 out of 19 lesions (89%) showed higher
ORR in tumor tissue. These results are in line with the general idea that tumor
tissue has a higher metabolic activity and clearly does not produce any bile in
case of CRLM.

Figure 4. Boxplots of the four significant tissue parameters in normal liver tissue (Green) and CRLM
(Red). Top row shows chemotherapy treated patients (N = 7 patients with 9 tumor lesions) and
bottom row shows non-chemotherapy treated patients (N = 10 patients). An “*” indicates a
significant difference between both tissue types (p < 0.01).
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Table 1. Per lesion analysis of all individual parameters
Neo-adj.
Bile
Fat
Hemoglobin
chemo
ê
ê
Patient 1
No
=
ê
é
ê
Patient 2
No
ê
é
é
Patient 3a
Yes
ê
é
ê
Patient 3b
Yes
ê
é
ê
Patient 3c
Yes
ê
ê
ê
Patient 4
No
é
ê
ê
Patient 5
No
ê
é
ê
Patient 6
No
ê
é
ê
Patient 7
Yes
ê
é
ê
Patient 8
No
ê
é
é
Patient 9
No
ê
é
ê
Patient 10
Yes
ê
é
ê
Patient 11
Yes
ê
ê
ê
Patient 12
No
ê
é
é
Patient 13
No
ê
é
ê
Patient 14
Yes
ê
é
ê
Patient 15
No
ê
é
ê
Patient 16
Yes
ê
é
é
Patient 17
Yes

ORR

S800

StO2

Water

é
é
é
é
é
é
é
é
é
é
é
=
é
é
é
=
é
é
é

ê
ê
é
é
é
ê
ê
é
é
é
ê
ê

ê
ê
é
é
é
ê
ê
é
é
ê
é
é
é
=
é
é
ê
é
é

é
é
ê
é
ê
é
é
é
é
ê
é
é
ê
ê
ê
é
é
é
ê

=
ê
=
é
ê
ê
é

ORR = optical redox ratio; S800 = Scattering at 800nm; StO2 = tissue oxygen saturation.
Arrow marks whether the average value is higher (arrow up), equal (=) or lower (arrow down) in the
tumour tissue compared tot the normal liver tissue in that patient.

Tissue classification
The CART algorithm used DRS and FS parameters to generate a decision tree
and to calculate sensitivity and specificity. Table 2 shows the results for
discrimination of tumor tissue from normal liver tissue when all data are
analyzed collectively as well as when the non-chemotherapy treated lesions
and chemotherapy treated lesions were analyzed separately. Adding the FS
parameter ORR to the DRS parameters did not improve the sensitivity or
specificity. We did not add the specific fluorescence peaks, as they were
exploratory and varied between patients. Overall accuracy for the whole group
using the DRS parameters only was 94%, for the non-chemotherapy group and
the chemotherapy group this was 88% and 96%, respectively.
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Table 2. Sensitivity and specificity for all measurements of DRS and FS in the discrimination of CRLM
from normal liver tissue.
Sensitivity
Specificity
Tumor tissue vs. normal
DRS
FS
DRS+FS
DRS
FS
DRS+FS
liver tissue
Overall (N=484)
95%
84%
94%
92%
61%
89%
Chemo (N=226)
92%
89%
92%
100%
62%
100%
Non-chemo (N=258)
94%
87%
96%
82%
60%
80%
Results are specified for all lesions pre-treated by chemotherapy (‘chemo’) and lesions without
chemotherapy treatment (‘non-chemo').

DISC USSION
Technical advances in the treatment of liver malignancies, such as laparoscopic
and robotic surgery as well as more frequent administration of neo-adjuvant
systemic treatment, call for new technologies aiding the surgeon to correctly
locate and resect the entire tumor volume in the liver. In previous studies, we
have shown that DRS and FS can be used to identify various types of tissue in
ex vivo experiments in lung and breast [8], [22], [23]. Also in liver tissue, we
have demonstrated that DRS can accurately discriminate normal liver tissue
from CRLM in an ex vivo model with a sensitivity and specificity of 94% [12].
In the present study, we aimed to make the next step towards clinical
implementation by incorporating optical spectroscopy into a tool to be used in
the surgical setting. We therefore integrated the technology into a 15 Gauge
optical needle and investigated the accuracy of DRS and FS for discriminating
CRLM from normal liver tissue in the in vivo setting. We have shown that DRS
can accurately discriminate tumor tissue from normal liver tissue with a
sensitivity and specificity of 95% and 92%, respectively. These results were
obtained from well-perfused tissue with evident blood contamination in the
measurement setting, resulting in less reliable determination of the intrinsic
fluorescence of collagen and elastin. Despite this blood contamination, our
results confirm the conclusions of our previous ex vivo study on DRS in liver
tissue [12]. Moreover, fluorescence spectroscopy (ORR) did not further improve
the overall accuracy for tumor tissue discrimination. In several cases additional
peaks in the fluorescence spectrum were observed in both normal liver tissue
and tumor tissue. These additional peaks were not included in the accuracy
analysis as their number were too little and not consistent.
Except for StO2, the overall significant discriminative parameters (i.e. Hb, bile
and ORR) showed a consistent trend between chemotherapy and nonchemotherapy treated patients. StO2 was higher in tumor tissue in
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chemotherapy treated patients and lower in non-chemotherapy treated
patients when compared to normal liver tissue. Higher StO2 levels in
chemotherapy treated tumors was also observed in an earlier study in mice
where we monitored DRS and FS parameters for tumor response to cisplatin
chemotherapy [24]. Finally, neo-adjuvant chemotherapy had no negative effect
on the DRS accuracy; sensitivity was 92% and specificity reached 100% in the
neoadjuvant setting. This consistency is important as neo-adjuvant
chemotherapy can influence tumor size and tumor borders can be less clear.
These results demonstrate a proof of principle that DRS, incorporated in a
surgical tool, can help to identify the extent of the CRLM at critical sites during
liver surgery.
The most significantly discriminative tissue chromophores observed with DRS
was bile. In all patients, except one, bile concentration was lower in tumor
tissue than in normal tissue. The lower concentrations of bile in tumor tissue
are comparable to our previous ex vivo liver analysis and seem logical since
CRLM do not produce bile [12]. The exception in one patient may be due to
sampling error. In earlier work of our group, an accurate measurement of the
absorption coefficient of bile from various human bile samples was performed
and implemented into the current analytical model. In the near-infrared
spectrum, the bile absorption is similar to the water absorption coefficient, due
to the fact that bile is mainly composed of water. Bile seems to be mainly
subjected to absorption and only partly subjected to scattering [11-12].
Also in our previous ex vivo analysis we suggested that hemoglobin could also
be a discriminative parameter. Although in the current analysis hemoglobin
was significantly lower in tumor tissue compared to normal tissue, it showed to
be less robust in the individual patient analysis. As expected, the levels of
hemoglobin measured in both normal liver and tumor were higher than we
previously observed in our ex vivo analysis, which can be explained by the in
vivo nature of the measurements. Because of this variation in perfusion and
blood artifacts during surgery, hemoglobin may be a less suitable parameter
for in vivo tissue discrimination.
Fat was another significantly discriminating parameter in our previous ex vivo
liver analysis, where fat levels were lower in the tumor lesions. In the present in
vivo analysis, we found mixed results with mostly higher levels of fat within the
tumor lesions. Closer histological analysis of the normal liver tissue specimens
revealed that only 3 of the 17 included patients had steatosis levels of any
significance (resp. 8%, 30% and 35% steatosis). The steatosis from the other 14
patients was below 5%, most of which 0% or 1%. Liver steatosis <5% is
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traditionally considered as ‘no steatosis’ in the literature [25]. This low level of
steatosis makes this parameter difficult to assess in the current analysis and
also may greatly differ between patients depending on the degree of steatosis
in the liver. Based on these data, we believe that fat should not be included as
an important discriminating parameter in future analyses.
Fluorescence spectroscopic measurements showed that only the ORR was
significantly higher in tumor tissue compared to normal liver tissue. Data on
collagen and elastin were not shown, but proved not to be significantly
different between tumor tissue and normal liver tissue, most likely as the high
amounts of blood (hemoglobin) in the tissue hamper the intrinsic fluorescence
of these parameters. NADH and FAD are much less affected since most of the
auto-fluorescence is above 500nm. NADH and FAD are molecules that are
both involved in the energy metabolism of a cell. The optical oxidationreduction (redox) ratio (NADH/NADH+FAD) is a measure of cellular
metabolism. During carcinogenesis, cellular metabolism is often increased and
tumor tissue would theoretically show an increased redox ratio compared to
normal liver cells. Our study confirms that liver tumors display a significantly
increased ORR. Although FS did not add to the overall discriminative accuracy
of our analyses, several notable fluorescence peaks were observed between
600 and 700nm. A double peak configuration (near 625 and 690 nm) was only
observed in tumor tissue, but not in all lesions (12/19 lesions) and a single peak
configuration near 675nm in only normal liver tissue specimens (11/17
patients). The peaks at wavelengths near 625 and 690 nm are thought to
correspond with porphyrin-like molecules. We have previously seen these
fluorescent peaks in analysis of ex vivo lung tumors and colorectal tumors (e.g.
protoporphyrin IX) [22], [26], where these porphyrins seem to be associated
with tumor and necrosis, although the exact mechanism remains unclear and
future research will be needed to further clarify the diagnostic value of these
porphyrin-like peaks.
An increasing number of patients with resectable CRLM receive systemic
chemotherapy. There is no clear literature on the (increased) risk of an involved
resection margin after neo-adjuvant chemotherapy, but we know that the
borders of these lesions are more difficult to determine during surgery.
Moreover, incomplete resections are independently associated with early
recurrence and decreased disease-free and overall survival [27], [28]. If optical
spectroscopy is to be incorporated in surgical tools for CRLM resection, it is
important to determine if the discriminative accuracy of this technology is
hampered as a result of neo-adjuvant chemotherapy. The results of our CART
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analysis show that the discrimination of CRLM from normal liver tissue is not
affected when patients underwent pre-operative chemotherapy.
We believe the results of this first in vivo study of liver tissue with DRS and FS is
a proof of principle and paves the road towards the development of new
‘optical surgical tools’ is promising. The next step is to confirm and validate our
results in a larger study. Further insight of FS, specifically ORR, is needed to
investigate if this technique has any additional value to DRS. The
implementation of these techniques in smart optical surgical instruments
should be further explored, especially under those circumstances where tactile
feedback is lacking, such as during laparoscopic or robotic surgery.
In conclusion, we have demonstrated that DRS incorporated in a disposable
needle can accurately discriminate CRLM from normal liver tissue in vivo. The
discriminative accuracy is not hindered by pre-treatment with systemic
chemotherapy and adding FS does not further enhance the diagnostic
accuracy of DRS.
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ABSTRAC T
Our aim was to investigate whether the immune response in colorectal liver
metastases is related to progression free survival (PFS) and if this may be
influenced by systemic therapy. A retrospective central collection of tumour tissue
was organised for the European Organisation for Research and Treatment of
Cancer (EORTC) study 40983, where patients with colorectal liver metastases were
treated by either resection alone or resection with perioperative FOLFOX.
Immunostaining on whole slides was performed to recognise T-lymphocytes
(CD3+, CD4+, CD8+), B- lymphocytes (CD20+), macrophages (CD68+) and mast
cells (CD117+) inside the tumour, at the tumour border (TNI) and in normal liver
tissue surrounding the tumour (0.5–2 mm from the TNI). Immunological response
was compared between treatment arms and correlated to PFS. Tumour tissue and
immune response profiles were available for 82 resected patients, 38 in the
perioperative chemotherapy arm and 44 in the surgery alone arm. Baseline
patient and disease characteristics were similar between the treatment arms. In
response to chemotherapy, we observed increased CD3+ lymphocyte and mast
cell counts inside the tumour (p < 0.01), lower CD4+ lymphocytes in the normal
liver tissue (p = 0.02) and lower macrophage counts in normal tissue (p < 0.01)
and at the TNI (p = 0.02). High number of CD3+ lymphocyte and mast cells, and
high T-cell score were correlated with tumour regression grade (TRG). Prolonged
PFS correlated with the presence of mast cells in the tumour (9.8 versus 16.5
months, Hazard ratio (HR) 0.54 p = 0.03), higher CD3+ lymphocyte count at the
TNI (10.8 versus 22.8 months, HR 0.57, p = 0.03) and T-cell score >2 (10.8 versus
38.6 months, HR 0.51, p = 0.04). Our analyses in the context of a randomised
study suggest that chemotherapy influences immune cell profiles, independent of
patient characteristics. Immune responses of lymphocytes and mast cells were
associated with pathological response to chemotherapy and to increased PFS.
High CD3+ lymphocytes at the tumour front and intratumoural mast cells appear
to be prognostic for patients with colorectal liver metastases.
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INTRODUC TION
Colorectal cancer (CRC) is one of the top three most-frequent cancers with
446.000 (13.0%) new cases and 214.000 (12.2%) deaths in Europe each year [1].
About half of the patients diagnosed with CRC will eventually develop liver
metastases (CRLM) and only 10-20% of these patients will be resectable resulting
in five-year survival rates of up to 60% depending on the tumour characteristics,
extent of the disease and resection margin [2], [3].
The immune system seems to play an important role in CRC survival [4]. Tumour
infiltrating lymphocytes (TILs) are associated with a better prognosis [5]. Although
the complexity and extent of tumour-immune-modulation is still not fully
understood, several mechanisms and cells have been identified to possess
anticancer properties (e.g. cytotoxic and memory T cells), while others are immune
suppressive and result in poor outcome (e.g. regulatory T cells) [6], [7]. Especially
(CD3+) TILs in colorectal cancer are associated with an improved survival and
could potentially be more relevant for prognosis than conventional UICC-TNM
classification [8]. Next to tumour infiltrating lymphocytes (TILs), other immune cells
have been associated with colorectal cancer as well, e.g. macrophages and mast
cells [9]–[12].
FOLFOX (5-FU with leucovorin and oxaliplatin) has a central role in the adjuvant
treatment of colorectal cancer and resectable colorectal liver metastases. Next to
an immune suppressive effect (neutropenia), it has also a stimulating effect on the
peritumoural immune response [13], [14]. Murine studies show oxaliplatin has a
synergistic effect with an intact immune system, as immune competent mice
treated by oxaliplatin have a better tumour survival than immune incompetent
littermates [14], [15]. In addition, 5-FU acts proinflammatory by inducing heatshock proteins (also called stress proteins) that are involved in both the innate and
adaptive immune responses and facilitates antigen uptake and subsequent crosspresentation of tumour antigens to various immune cells [16].
There have been several studies on different types of immune response in CRLM
[7], [17]–[24]. Generally a higher response is associated with an improved
outcome, however these studies are not comparable as they have investigated
different immune cells at various locations near or in the tumour with a diverse
degree of systemic treatment regimen.
Recently it has been shown that an improved immune response (CD3+, CD8+ and
granzyme B+ T-cells) at the tumour invasive margin of colorectal liver metastases is
associated with response to chemotherapy (RECIST) and longer PFS and OS rates
[22]. Although, whether this prolonged survival is a direct result of the improved
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immune response or solely attributed to systemic therapy is unknown as all
patient received neoadjuvant treatment.
The aim of our study was to investigate the distribution and possible benefit of an
immune response in relation to chemotherapy in patients with resectable CRLM
with and without perioperative FOLFOX chemotherapy in a randomised trial.

Figure 1. Above: Example of a CD3 stained virtual slide with 5 rectangles (1x4mm) on the tumournormal interface (TNI), where ‘T’ represent the tumour side. The red line represents the TNI marker.
(*Previously TMA biopsies were performed on the slides). Below: Schematic of rectangle.

MATERIAL AND METHODS
Patients from the EORTC intergroup study 40983 were retrospectively included in
our study (NCT00006479). Details of the original trial have been published before
[25]. In short, the original trial randomised perioperative FOLFOX chemotherapy
to surgery alone in 364 patients with initially resectable colorectal cancer liver
metastases. Patients randomised in the chemotherapy group received six 14-day
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cycles of FOLFOX4 before and six cycles after surgery. In the chemotherapy
group, liver resection was performed between 2 to 5 weeks after the last
administration of preoperative chemotherapy as soon as the patient had
completely recovered from side effects.
Hematoxylin and eosin stained slides (HE) of the liver resection specimen of each
patient were centrally reviewed by one senior pathologist (CJ) who was blinded
for treatment and outcome. Pathological response was estimated by the Tumour
Regression Score (TRG) pathological response score [26].
For each patient, one formalin-fixed, paraffin-embedded tissue block (FFPE),
containing the interface between the tumour and the normal liver tissue was
selected and cut into 3 µm thick slides. Tissue sections where deparaffinised,
rehydrated in graded alcohol, and processed in BOND-MAX (Leica Biosystems).
Antibodies were used to recognize CD3+ lymphocytes (1/50 dilution, rabbit
polyclonal, Dakocytomation), CD4+ lymphocytes (1/30 dilution, clone 4 B12,
Novocastra), CD8+ lymphocytes (1/25 dilution, clone C8/144B, Dakocytomation),
CD20+ lymphocytes (1:100 dilution, clone L26, Dakocytomation); CD68+
macrophages (clone5/4H12, Leica Biosystems); and CD117+ mast cells (1:300,
clone Dakocytomation).
Virtual slides were obtained by scanning each slide with Hamatsu Nanozoomer
C9600. Except for CD117, image analysis was performed by Visilog 9.0 software
(Noesis, Saclay, France) as described before [27]. CD117+ cells were counted
manually by two independent observers (ET, CJ) blinded for treatment and
outcome, as the number of cells was very low and the software was not able to
accurately distinguish mast cells from staining artefacts. On each virtual slide 1 to
5 rectangles (1 x 4mm each) were placed perpendicular on the tumour normal
interface (TNI). The tumour normal interface is defined as the zone stretching 0,5
mm on both sides of the tumour edge. This produces a 1 mm2 TNI zone; a 1,5
mm2 zone outside the tumour; and a 1,5mm2 zone inside the tumour (see figure
1). Immune cell counts were performed in these three zones.
Next to individual analyses of immune cells we used a similar scoring system for
combined T-cell analyses as described for primary colorectal cancers by Pages
and Galon et al. [28], [29]. This T-cell score is based on the numeration of two
lymphocyte populations (CD3+ and CD8+) both inside the tumour and at the TNI.
This score ranges from 0, when low densities of both cell types are found in both
regions, to 4, when high densities of both cells are found in both regions. Median
values were used as cut off point for high or low density. Patients were divided in
two risk groups according to their score (≤ 2 or >2).
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Statistical analysis
Mean immune cell counts of the three zones (i.e. outside the tumour, at the TNI
and inside the tumour) were compared between arms using a t-test. Immune cell
count as continuous variable was correlated with pathological response grading
according to Rubbia Brandt. Pearson and Spearman correlations were computed
and tested against the hypothesis of no correlation.
To investigate the prognostic value of immune response on progression free
survival (from surgery), patients were divided into two groups using the median
cell count as cut-off. Progression free survival (from surgery) was estimated using
the Kaplan-Meier technique in the different risk groups. Cox proportional hazards
model stratified for treatment arm were used to provide estimates of the Hazard
ratio between risk groups together with its two-sided 95% confidence interval.
Comparison of progression free survival between risk groups was done using the
score test stratified by treatment arm. Statistical testing was done at a two-sided
level of significance of 0.05. These analyses were exploratory and no type I error
adjustment was made for multiple testing. All statistical analyses were performed
using SAS software (version 9.3, SAS institute Inc.).
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Table 1. Patient characteristics
Perioperative chemotherapy
(N=38)

Surgery alone
(N=44)

65.0
41.0 - 77.0

67.5
41.0 - 78.0

22 (57.9%)
16 (42.1%)

24 (54.5%)
20 (45.5%)

30 (78.9%)
8 (21.1%)

36 (81.8%)
8 (18.2%)

Age
Median (years)
Range
Sex
Male
Female
ECOG / WHO Performance Status
0
1
Previous adjuvant chemo for primary cancer

No
27 (71.1%)
Yes, without oxaliplatin
11 (28.9%)
Number of liver metastases
One to three
32 (84.2%)
Four
6 (15.8%)
Primary tumour
pT1
0 (0.0%)
pT2
6 (15.8%)
pT3
27 (71.1%)
pT4
5 (13.2%)
pTx
0 (0.0%)
pN0
15 (39.5%)
pN1
16 (42.1%)
pN2
6 (15.8%)
pNx
1 (2.6%)
Right colon
7 (18.4%)
Transverse colon
2 (5.3%)
Left colon
16 (42.1%)
Rectum
13 (34.2%)
Multiple / unknown
0 (0.0%)
Median follow-up (years) (95% CI)
8.83 (8.39, 9.78)
* One patient in the surgery alone group had 6 metastases resected.

32 (72.7%)
12 (27.3%)
38 (86.4%)
6 (13.6%) *
2 (4.5%)
4 (9.1%)
32 (72.7%)
4 (9.1%)
2 (4.5%)
19 (43.2%)
18 (40.9%)
5 (11.4%)
2 (4.5%)
7 (15.9%)
2 (4.5%)
16 (36.4%)
17 (38.6%)
2 (4.6%)
8.04 (7.77, 9.77)

RESULTS
FFPE tissue blocks from 82 patients with a macroscopically clear resection margin
were collected and analysed, 38 in the perioperative chemotherapy arm (CT arm)
and 44 in the surgery alone arm (S arm). Patient demographics and baseline
disease characteristics were balanced between the two groups of this subset and
similar to the entire original trial cohort (table 1). Median follow-up was 8.8 years.
Median number of pre- and postoperative chemotherapy cycles was 6 (range 0-6
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Table 2. Dose intensity and tolerance to systemic therapy
Perioperative chemotherapy arm (N=38)

Median number of cycles (range)
0
1-3
4-6
8
RDI* 5-FU (median)
RDI* Folinic acid (median)
RDI* Oxaliplatin (median)
*RDI = relative dose intensity

Pre-operative

Post-operative

6 (0-6)
1 (2.6%)
1 (2.6%)
36 (94.7%)
96.9%
97.6%
96.5%

6 (0-8)
7 (18.4%)
6 (15.8%)
24 (63.2%)
1 (2.6%)
82.1%
86.4%
72.1%

and 0-8 respectively), where the majority of patient received the planned
chemotherapy regimen (table 2).
Immune response
CD3+ and CD4+ cells (lymphocytes) and macrophages were the most common
immune cells with overall mean densities of 2494 (±1280), 2316(±3450),
2240(±772) cells per square millimetre respectively. The number of mast cells was
much lower and was therefore counted by hand. Mean number of mast cells was
5.68(±6.41) per square millimetre.
Figure 2 shows the mean immune cell density per square millimetre between the
two treatment arms, i.e. neoadjuvant chemotherapy vs. surgery alone. We have
registered in the chemotherapy arm, compared to the surgery alone arm, more
CD3+ positive lymphocytes inside the tumour (mean count 574 vs. 310, p =
0.004), as well as more mast cells (mean count 2.75 vs. 0.57, p = 0.006). There
were less CD4+ positive lymphocytes outside the tumour (mean count 742 vs. 980,
p = 0.02) in the chemotherapy arm, as well as less macrophages outside the
tumour and at the TNI (resp. mean count 634 vs. 794, p = 0.008 and 886 vs. 1056,
p = 0.016).
The percentage of patients with a high T-cell score (3 or 4) was 44.7% in the
neoadjuvant chemotherapy arm compared to 25% in the surgery alone arm. The
difference was not statistically significant using the Fisher exact test (p = 0.104).
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Figure 2. Column charts of the mean immune cell counts by zone and treatment arm.

Pathological response
Immune response was correlated with pathologic response grading according to
TRG (no, partial and major response). Mean number of CD3+ lymphocytes inside
the tumour was higher in patients with partial response and major response than
in patients with no response, respectively 594 and 672 vs. 350 cells/mm2
(Spearman correlation 0.287, p = 0.009). High T-cell score (>2) was correlated
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with better response according to TRG (Table 3, Spearman correlation 0.230, p =
0.044).
Mean overall mast cells counts was higher in patients with partial response and
major response than in patients with no response, respectively 9.50 and 8.63 vs.
3.88/mm2 (Spearman correlation 0.317, p =0.0051). There was no significant
correlation to pathological response score for the other T- or B-cells and
macrophages.
Table 3. T-cell score compared to TRG pathological response according to Rubbia-Brandt.
Tumour regression grade (Rubbia-Brandt)
No response
(N=52)
N (%)

Partial response
(N=20)
N (%)

Major response
(N=5)
N (%)

T-cell score<=2

37 (71.2)

10 (50)

2 (40)

T-cell score >2

15 (28.8)

10 (50)

3 (60)

Progression free survival
In order to explore whether these changes in immune response profiles resulted
in an improved patient outcome, immune profiles were correlated to the patients’
PFS. This was primarily done in the cohort overall, not specified by treatment arm
as we first wanted to investigate the effect of the immune response, without
treatment bias. Subsequent analyses were performed per treatment arm to
explore the effect of chemotherapy on the immune response and PFS (figures 3, 4
and 5).
High density of CD3+ lymphocytes (above the median) at the TNI was associated
with prolonged median PFS (resp. 10.8 vs. 22.8 months, HR 0.57; 95% CI 0.34 0.95, p = 0.031), resulting in an increase 3-year PFS from 24% to 43% (figure 3).
Also the T-cell score was correlated with longer progression free survival (HR 0.51;
95% CI 0.27 - 0.96, p = 0.036). Median PFS was 10.8 months for patients with a Tcell score ≤ 2 vs. 38.6 months for patients with a T-cell score of 3 or 4 (figure 4).
The presence of CD117+ mast cells in the tumour was associated with an
increased 3-year PFS from 21% to 43% (HR 0.54; 95% CI 0.32 - 0.93, p = 0.024)
(figure 5).
There was no correlation to PFS for the other T- and B-cells or macrophages. We
have further investigated the CD4+ to CD8+ ratio overall and per zone and found
no significant association with PFS.
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Figure 3. High CD3+ lymphocyte density at the TNI is associated with prolonged progression free
survival (PFS) overall (A), surgery group (B) and chemotherapy group (C).
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Figure 4. T-cell score (>2) is associated with prolonged progression free survival (PFS) overall (A),
surgery group (B) and chemotherapy group (C).
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Figure 5. Presence of mast cells inside the tumour is associated with prolonged progression free
survival (PFS) overall (A), surgery group (B) and chemotherapy group (C).
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DISC USSION
This is the first study to investigate the effect of preoperative chemotherapy on
immune response in patients with resectable CRLM treated with or without neoadjuvant FOLFOX. Our analyses were performed on whole slides, investigating a
wide array of immune cells (T-lymphocytes, B-lymphocytes, macrophages and
mast cells) and were correlated to pathological response and PFS. We showed
that neo-adjuvant FOLFOX influences a local immune response; i.e. stimulation of
CD3+ lymphocytes and mast cell densities in the tumour and a decrease of CD4+
cells and macrophage density in the normal liver tissue surrounding the tumour.
We demonstrated the correlation to pathological response according to TRG for
patients with high CD3+ lymphocytes count inside the tumour, high T-cell score
(>2) and high overall mast cells count. PFS was significantly improved in patients
with higher densities of CD3+ lymphocytes (at the TNI), mast cells (in the tumour)
and a high T-cell score. Subgroup analyses suggest chemotherapy results in more
patients with an improved immune response. Therefore the increase of PFS in
patients with neoadjuvant chemotherapy could partly be due to an improved
immune response.
Zitvogel et al. suggested several pathways how chemotherapy can influence an
immune response [13], [14]. Chemotherapy-induced transient lymphopenia can
stimulate production of more tumour-specific T-cells, thereby eradicating
inhibiting regulatory T-cells and tumour-induced T-cell signalling defects, which
result in an increased CD8+ T-cell tumour homing and activity. Also improved
(cytotoxic) tumour cell death may lead to more antigen presentation and
improved immune response priming.
Several studies in primary colorectal cancer have shown that T-cell responses
(CD3+ and CD8+) are associated with prolonged DFS and OS [30], [31]. Moreover,
an immune stratification could have an independent and superior prognostic
value when compared to conventional UICC-TNM classification [8].
Influence of immune profiles for colorectal liver metastases is less clear. There
have been several studies on immune response in CRLM [7], [17]–[24] generally
showing that high densities of tumour infiltrating lymphocytes (TILs) and other
immune cells (B-lymphocytes, macrophages) are correlated with an improved
outcome. However in these studies absolute immune cell count numbers (if
reported) vary due to differences in analyses (tissue micro array vs. high powered
fields vs. whole slide analysis) and methods (e.g. flow cytometry vs.
immunohistochemistry). Also some studies include liver metastases from different
primary tumours (e.g. thyroid, gastric cancer) and systemic treatment varies from 0
to 81% (neo-) adjuvant chemotherapy with various regimens.

126
126

Our study consists of patients who were randomised for perioperative FOLOX
chemotherapy or surgery alone. This gave us the possibility to investigate the
effect of chemotherapy on the immune response in a randomised patient
population.
Halama et al. [22] has performed a similar study with patients from the CELIM trial
[32]. This was a phase 2 trial for initially unresectable CRLM, randomising for two
types of (palliative) chemotherapy regimens (FOLFOX6 vs. FOLFIRI). Biopsies
(needle or surgical) were taken before start of systemic treatment, therefore
investigating a chemo-naive local immune response. The invasive margin was
analysed for CD3+, CD8+, granzymeB and FOXP3+ cells using whole slide IHC.
They found that high densities of these tumour-infiltrating lymphocytes (except for
FOXP3) at the invasive margin of liver metastases allowed the prediction of
response to chemotherapy with a sensitivity of 79% and specificity of 100%. They
developed a scoring system based on CD3+, CD8+ and granzymeB with a cut off
at the median value. Patients with a high TIL score (>2) had a significant longer
PFS and OS. Two other studies confirm high densities of intra-tumoral CD3+ cells
in colorectal liver metastases are associated with improved outcome [17], [23]. The
impact of CD4+ cells (that are responsible for an effective CD8+ cytotoxic immune
response) is not clear. Katz et al. has performed two studies with opposite results
for intratumoural CD4+ cells [7], [17]. However, they explain this could be due to
the difference in patient population and neo-adjuvant chemotherapy. We confirm
the importance of CD3+ lymphocytes inside the tumour, but we did not find any
difference in PFS for CD4+ lymphocytes.
Cytotoxic T-cells (CD8+ lymphocytes), the killers of the adaptive immune system,
are less common in tumour tissue [18], [21] compared to the peritumoral tissue. A
higher absolute count or higher ratio compared to the CD3+ T-cells is associated
with improved survival [7], [17]. We have found overall higher densities of CD8+
lymphocytes at the TNI compared to tumour of normal liver tissue, but did we did
not find a significant difference in PFS or any difference between the two
treatment arms.
Galon et al. suggested an improved TNM classification system using an
‘immunoscore’, i.e. TNM-I, consisting of CD3+ and CD8+ T-cells at the invasive
margin and inside the tumour. Based on a retrospective analysis of a mixed
patient group with different treatment regimen, the score will now be tested in a
worldwide consortium [29], [33]. We have tested this T-cell score for colorectal
liver metastases in our study and showed a score >2 is associated with improved
PFS (HR = 0.51, 95%CI [0.37 - 0.96], p = 0.036). However, the T-cell score did not
add much information compared to CD3+ lymphocytes alone at the TNI (HR 0.57,
95%CI [0.34 - 0.95], p = 0.031).
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Mast cells are associated with tumour angiogenesis and shorter PFS and survival
in colorectal cancer [10], [34]. We have found an opposite result for colorectal liver
metastases. Presence of intratumoral mast cells was significantly associated with
improved PFS. Also, chemotherapy seems to stimulate mast cell densities in the
tumour. Although the absolute numbers are very small, there was a significant
difference between treatment arms. This improved mast cell response could be a
marker of therapy response as it is known that mast cells are involved in the
pathogenesis of fibrosis, e.g. in dermal scarring or after radiotherapy for breast
cancer [35]. This is consistent with the observation of Rubbia-Brandt [26] that the
response to chemotherapy consists in increased fibrosis.
Our patient cohort was selected from the EORTC 40983 study and tissue blocks
were collected retrospectively from the major contributing centres to optimise our
patient inclusion. In order to avoid selection and observation bias the slides were
anonymised and the reviewers were blinded for patient outcome. Our patient
cohort was well balanced, as there was no difference in demographics between
arms or the original trial cohort. However our study was a retrospective,
exploratory study and our results need to be confirmed in a prospective
randomised trial.
In conclusion, our analyses showed that neo-adjuvant FOLFOX chemotherapy
positively influences a local immune response. Patients with a better immune
response are associated with an improved pathological response and a significant
better PFS. This increase in PFS for these patients could partly be assigned to the
chemotherapy induced immune response. Specifically, CD3+ lymphocytes at the
tumour front and intratumoral mast cells appear to be of prognostic value in the
setting of colorectal liver metastases.
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ABSTRAC T
Quality assurance (QA) in a surgical trial must be planned and implemented from
study development to completion. Elements of quality must be consistently
described in a protocols, case report forms (CRFs) and reported in publications.
The purpose of this review was to evaluate the most common surgical parameters
and how consistently they were described in EORTC study documents where
surgery was included. This was the preliminary step in mapping out the challenges
of developing a surgical QA strategy in EORTC. A systematic review of EORTC
surgical protocols from 1980 to 2013 was performed. Two independent reviewers
selected and reviewed the protocols. Data extraction was done using a
questionnaire developed by EORTC QA committee. The results were compared
across the time period. The most common quality parameters described in
protocols were surgical technique, definition of resectability, surgical margins and
methods of assessing adverse events using the Common Terminology Criteria for
Adverse Event (CTCAE). However, these were not consistently reported in
publications. A general improvement in the method of protocol development was
observed since year 2000 after standardization measures by EORTC. A new
surgical chapter template has been proposed. There is a need to consistently
define and report surgical parameters from protocol development to publication
as a first step to QA. A standard surgical chapter in the EORTC protocol template
can help address this need. A framework to consistently implement QA for future
surgical trials is needed and the rationale for this is described in this review.
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INTRODUC TION
Quality assurance (QA) refers to the planned and systematic activities
implemented in a system so that quality requirements for a product or service will
be fulfilled [1]. In a clinical trial, there are several means to achieve this such as
audits, planned patient reviews, site monitoring and centralized monitoring. The
most important aim is to minimize error and variation and to generate reliable and
valid results. The best time to contemplate about QA in a clinical trial is at the trial
design phase [2]. QA measures must be considered from the moment the study
concept is formulated and it must be implemented consistently throughout the
trial. Documentation, standardization and central monitoring play key roles in
quality improvement [3]. These can be difficult in a surgical trial because of
variability of surgical expertise and technique, lack of standardization measures
and ways to verify specific surgical outcomes [4]. For these reasons, a rigorous QA
program for surgery is necessary despite the challenge it implies [5]–[7].
Building on its preliminary QA programs and achievements of previous surgical
QA initiatives, EORTC is now taking on the challenge to build a surgical research
infrastructure that will actively develop prospective and systematic approaches to
achieve high QA standards in surgical clinical research globally [8]–[10]. The first
step in this initiative was to review previous EORTC surgical trials from the last
three decades to investigate the type and consistency of quality parameters
relevant to surgery in its protocols, CRFs and publications. The outcome of this
was a minimum set of quality parameters in the form of a standard surgical
protocol template. This review, developed through the EORTC QA Committee
(QAC) composed of a multidisciplinary team of experts from surgery,
radiotherapy, oncology and statistics who oversee the QA activities of EORTC,
was a preliminary step to map out challenges of developing a pan-European
surgical research infrastructure.

METHODS
C riteria for selecting studies
An electronic search using the EORTC protocol database, the virtual repository of
all its trials, was performed from January 1, 1980 to December 31, 2013. Trials
where surgery is the primary treatment, approved by the EORTC Protocol Review
Committee (PRC) and opened or have been closed to patient entry within the
time frame were included. Trials never activated, in protocol development or in
regulatory process were excluded. Only studies where EORTC was the leading
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group, therefore having full access to all relevant documents including a full
protocol and a complete set of CRFs, and where surgery was performed after
patient registration in at least one of the treatment arms, were included. Those
where surgery was before patient registration were excluded. Trials were stratified
in two groups as either “surgical comparison” (i.e. surgery versus surgery and
surgery versus no surgery); or as “non-surgical comparison” (if they investigated
systemic treatment or radiotherapy in combination with surgery). If a publication
of the corresponding trial was available, this was also reviewed. In cases of
multiple publications, the one where primary endpoint results were discussed was
used. Two reviewers (ET and GW) independently selected the studies.
Identification of quality indicators
Preliminary literature search about parameters to assess the surgical quality was
performed. Aspects related to preoperative staging, assessment of tumor
operability, extent of resection, surgical complication and pathology reporting
were chosen. The proposed parameters were reviewed by two senior surgeons
(CS and MD) from the EORTC QAC and then organized into a questionnaire for
data extraction. This was used to determine if surgical parameters were described
in the protocols, collected in case report forms (CRF) and reported in the
publication of eligible studies.
Review procedures
The review process was independently conducted by ET and GW. Discordant
reviews or unclear cases were discussed on a regular basis with an external
reviewer (LV). Outcome of the review process was discussed with the EORTC QAC
on a yearly basis.
Statistical analysis
All data are displayed as frequency table as well as by time period (1980 - 1990,
1991 - 2000, and 2001 - 2013) and by the type of comparison (surgical vs. nonsurgical). The analyses were performed with the Statistical Analysis Software (SAS
®, Bethesda, Maryland, USA) version 9.3.
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Figure 1. Selection of EORTC studies for review

RESULTS
General characteristics of EORTC surgical trials
The purpose of this review was to investigate the quality parameters relevant to
surgery and know how consistently they were defined, collected and published in
EORTC surgical protocols, CRFs and publications. From the 1030 trials on the
EORTC protocol database, 84 trials were considered for review based on the
eligibility criteria. Of them, 33 trials were not eligible due to incomplete source
data (either full protocol or CRFs), EORTC not the leading group or surgery was
performed prior to randomization. Thus, 51 were eligible for this review and
among these, 33 were published by the time of this manuscript (Fig. 1).
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Table 1. Characteristics of the EORTC surgical studies (1980-2013)
Clinical trial characteristics
Total (N = 51)
N (%)
C omparison
Non-surgical
Multi-modality treatment
31 (60.7)
Optional/salvage surgery
2 (3.9)
Surgical
Surgery vs. no surgery
11 (21.5)
Surgery vs. surgery
7 (13.7)
Trial design
Phase 2
17 (33.3)
Phase 3
34 (66.6)
Time frame
1980-1989
20 (39.2)
1990-1999
12 (23.5)
2000-2013
19 (37.2)
C ancer type
Anal
1 (1.9)
Biliary tract
1 (1.9)
Breast
8 (15.6)
Colorectal
7 (13.7)
Cervical/endometrial/vaginal
2 (3.9)
Gastric cancer
1 (1.9)
GIST
1 (1.9)
Testicular
2 (3.9)
Non-Hodgekin’s lymphoma
1 (1.9)
Head and neck cancer
4 (7.8)
Melanoma
2 (3.9)
Lung and pleural
7 (13.7)
Ovarian
2 (3.9)
Prostate
2 (3.9)
Renal
3 (5.8)
Sarcoma
7 (13.7)

Table 1 shows the characteristics of trials included in this review. Most of the
recent studies were surgery in combination with either systemic treatment or
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radiotherapy. Surgically oriented trials were done in breast, gastrointestinal, lung,
genito-urinary and sarcoma. A specific surgery chapter was found in most
protocols, however, there was great variability on the surgical parameters
described in EORTC protocols reviewed.

Figure 2. Surgical parameters described in protocols.

Protocol review
Majority of protocols reviewed have a chapter on surgery wherein the most
commonly described elements were the surgical technique, defined in more than
90% of the protocols; the definitions of resectability and surgical margins and the
methods of assessing and analyzing surgical morbidity/mortality using the
Common Terminology Criteria for Adverse Event (CTCAE). The detailed plans for
analysis of curative resection rate were more often found in protocols, from 10% in
the 1980s to 54% from year 2000 (Fig. 2). On the contrary, specific details such as
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anesthesia, antibiotics, thrombotic prophylaxis and follow-up schedules to assess
local relapse were least described. Defining surgical and pathology quality
parameters in a specific surgical chapter was highly variable but there was a trend
to more detailed descriptions in from year 2000 onwards as seen on Fig. 2.
C ase report form review
The most commonly collected pre-operative or baseline data pertained to
imaging, biopsy, staging, laboratory examinations, performance status and comorbidities. The type of surgical technique, resectability, margins of resection,
and salvage procedures have been more consistently reported in recent years,
reflecting more precise protocols. In general, all adverse events were collected in
EORTC studies. Surgical adverse events were collected in all CRFs but reasons for
re-operation, intent of surgery or reasons for unresectability were not consistently
documented. There was a trend in more recent years to collect original pathology
and operative reports for central review.
Publication review
The most consistently described elements in publications reviewed in this study
include pre-operative imaging, histology, staging, and performance status as seen
in
Fig. 3. There was an increase in the rate of description of the surgical resection
rate in the publications of the studies from the most recent decade (18%e50%). In
general, surgical morbidity and mortality were less often reported in the 1980s
compared to recent years when more detailed reporting of complications was
seen in the publications. From year 2000, reports on surgical QA programs of
different disease-oriented groups were more often published [8].
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Figure 3. Surgical parameters reported in publications.

DISC USSION
This review is an initiative by EORTC to map out the challenges of establishing a
pan-European surgical quality assurance platform. The aim was first to have an
assessment of the type and consistency of surgical parameters defined in previous
protocols and published. EORTC has conducted several practice changing
surgical trials but the importance of looking back and identifying strengths and
weakness of its surgical QA program was an important step to define a direction
for improvement.
The results showed the trend to more detailed surgical protocols within EORTC in
the last 13 years that coincide with the implementation of a standard protocol
template and improvements in the over-all QA processes in the organization.
Parameters described included surgical technique time between surgery and
other treatments (e.g. chemotherapy), evaluation of resectability or margins,
description of adverse events and plan for analysis of surgical parameters were
better defined over the years. However, reasons for non-resectability at time of
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surgery, reasons for re-operation, identification and grading of specific surgical
complications were not consistently described, collected or published. It can also
be noted that lesser amount of protocols reached the point of publication.
Surgical research challenges identified
There is low proportion of surgical trials in comparison to non-surgical oncological
trials in EORTC. This is consistent to other studies that showed only 10% of
registered trials in clinicaltrials.gov were about surgery [7]. It is a challenge to
generate more prospective surgical research due to issues in feasibility,
randomization, standardization, and funding [11]. More so, as evidenced by this
review, the quality of reporting in surgical trials is also challenging. This is mostly
due to failure of a lot of surgical trials to reach target accrual and therefore never
completed; lack of a methodology and QA framework for nonpharmacological
therapies, and poor compliance on existing guidelines for publication [5], [6], [12].
In most of the trials reviewed, surgery is not the tested intervention but is the
backbone therapy all treatment arms. Considering space constraints in
publications, surgical details are less likely prioritized in these cases.
Quality of trial results not only depends on a good protocol but also high quality
data collection and reporting [4]. Inadequate reporting of margins of resection or
complications from surgery can influence decisions about the efficacy and safety
of new and expensive drugs [4], [13]. Reporting surgical intent, resectability and
complications is a challenge in surgical trials [3], [4]. Transparency in reporting
surgical outcomes by following existing guidelines must be emphasized and
prioritized. The lack of a standardized template for surgical trials and not enough
surgeons involved in protocol development can also account for less surgical
details described protocols and publications. This highlights the need for a
standardized surgical QA framework and more active leadership of surgeons in
the EORTC Network [5], [14], [15].
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Table 2. Standard surgical chapter for EORTC protocols
1. Pre-operative assessment
This section shall describe parameters important for the surgical procedure and should be
assessed before inclusion in the study
•
Performance status assessment
•
Nutritional status assessment if applicable to the study
•
Pre-operative histological diagnosis
•
Pre-treatment and pre-operative tumor and lymph node evaluation by different
imaging modalities
•
Evaluation by a Multidisciplinary Tumor Board (MDT) of resectability
•
Timing of the surgery in relation to last cycle of neoadjuvant treatment/previous
step in randomization
2. Surgical procedure
This section should describe in detail how the surgery will be performed including
principles to follow. If possible, the operative report can be collected to facilitate data
verification. Alternatively, study specific case report forms must accurately capture data
from the primary operative report
2.1. Technique of anesthesia
2.2. Technique of surgical procedure
•
Type and extent of incision if applicable
•
Type of surgical access (open/laparoscopic/robotic/combined)
•
Intra-operative assessment of tumor and documentation of findings with focus on
extent/invasiveness of the disease
•
Dissection required within surgical field (e.g. type of lymphadenectomy/bowel
resection, diaphragmatic/hepatic/pancreatic/splenic/or any other tissue resection)
o Number of lymph node stations dissected
o Distance of tumor from margins of resection
•
Description of the technique of resection _ anastomosis/reconstruction when
applicable
•
Estimated blood loss
•
Additional procedures as part of the trial (i.e. additional biopsies)
•
Default surgical procedure if planned procedure specific for the trial is not
possible
•
This may include a brief discussion of specific intraoperative complications related
to the cancer surgery and how they can be managed
•
It is recommended to make use of illustrations _ photos of the key steps in the
operation
•
When applicable, specify the completeness of cytoreduction status (i.e. for
carcinomatosis CC0=no macroscopic residual disease, CC1=residuum ≤ 1 cm,
CC2=residuum > 1 cm)
•
Otherwise, clear description of the localization and size of residual disease
2.3. Post-operative care
This section will describe specific procedure in the immediate post-operative setting that
may be relevant for the trial such as:
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•
Plan for imaging (i.e. chest X-ray after thoracic surgery)
•
Fast track discharge protocols can be described
2.4. Pathology specimen
Communication from surgeon to pathologist, labeling, transport, processing and reporting
of the specimen should be described in this section. A detailed pathology guideline can be
attached as an appendix. Pathological assessment should be by the methods of Verbeke C
(Leeds Pathology Protocol, Pathologie 2013)
2.5. Evaluation of post-operative complications
This section will describe the general and disease-specific surgical complications. The
Clavien-Dindo Classification of Surgical Complications (2009) is recommended to be used
to grade the complications[24]
2.5.1. Timing of assessment of complications and mortality
This section will specify when complications must be documented through the case report
forms. This is within 30 to 90 days of surgery. Specific imaging or laboratory evaluations
that may be required for assessment of complications may also be defined here. Cause of
death should be specified
2.5.2 Identification and grading of complications
A list of expected complications and their severity grading for different types of surgery can
be described in this section. Assessment of intraoperative complications shall also be
described in this chapter (Use of CTCAE ver.4.0 is preferred)
3. Quality assurance for surgery
This section will describe the trial-specific quality assurance measures for surgery that will
be implemented in the trial:
3.1. Credentialing
•
Review process to evaluate the expertise of participating surgeons and institutions
3.2. Standardization
•
Procedures to train sites about the protocol, surgical technique being investigated
and central review process in the study, evaluation of surgical outcomes
3.3. Central review procedures
•
Use of photo documentation or use of video clips to document the surgery
•
Review of pathology evaluation in terms of completeness of resection/margins,
number of nodes harvested, margin of clearance, number of tumor deposits in the
resected specimen
•
Medical review of surgical complications (safety), protocol compliance and data
timeliness
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Taking the first steps to address challenges
Standardization, which begins with a clear description of the surgical parameters
in a protocol, can decrease treatment bias coming from the surgical part of the
therapy. This is probably not only true for purely surgical studies but also for
neoadjuvant or adjuvant therapy studies [4], [16]. From well-known trials
evaluating extent of lymphadenectomy in gastric cancer or total mesorectal
excision in rectal cancer it became clear that the selection of the appropriate
technique results in significant outcome improvement related to survival [17]–[19].
The radicality of the surgery and the extent of lymphadenectomy have a large
influence on the prognosis of patients.
Upfront consideration of prospective QA that includes credentialing,
standardization and central monitoring is critical [3]. As an outcome of this review,
EORTC has now a standard surgical chapter template (Table 2). It is expected to
facilitate consistency in protocol writing and CRF development in future surgical
studies. This template can be used and validated by other surgical research
groups and suggestions for improvement are encouraged. It can serve as a basis
for developing a template for reporting of surgical trials similar to the CONSORT
recommendations. Guidelines supplementary to the protocol can be also used to
detail procedures to minimize variation and error in a multi-center trial. An
imaging platform developed by EORTC and Keosys Medical Imaging for central
collection of intraoperative photographs is now established. This platform can
facilitate central monitoring in imaging, surgery and pathology as part of a QA
framework.
Building a new platform for surgical QA
In its role in coordinating large-scale clinical trials, EORTC has led the
development quality assurance platforms specifically on Radiation Oncology,
Imaging and Translational Research [9], [20]. For Surgical Oncology disease group
specific programs were initiated since 1991 [6], [21]–[23]. However, a harmonized
strategy has yet to be fully implemented. EORTC has now taken a strategy to
improve QA for surgical research.
Since 2011, it has opened clinical research fellowships specifically for young
surgeons. Within this program a hands-on training on conducting international
clinical trials has been started. Several clinical groups have activated more
surgeons to supervise the development QA programs in new protocols and to
generate new research ideas. International collaborations are another strategy
that EORTC is taking to improve surgical research [10]. EORTC has partnered with
the European Society of Surgical Oncology (ESSO) to build a dynamic and
sustainable program to lead clinical research in Europe. This is called SURCARE: A
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Platform for High Quality Standards for Prospective Surgical Research. Two
prospective pilot projects on liver metastasis surgery have been initiated. First is
EORTC 1409-CLIMB, a prospective surgical outcomes study conducted among
borderline resectable and unresectable metastatic colorectal cancer patients to
evaluate their outcomes after surgery. The other study is EORTC 1527-DREAM
focusing on diffusion-weighted magnetic resonance imaging to assess
disappearing liver metastases is also to be launched in collaboration with ESSO
and the Japan Clinical Oncology Group (JCOG).
Impact of surgical QA to patient outcomes
SURCARE will activate a new network of surgeons and other specialists committed
to developing high quality research. It will be integrated with the translational
research platform of EORTC to optimize clinical research strategies. It is expected
that similar to QA programmes in radiation oncology, prospective and high
standard of QA in surgery will help improve patient outcomes in future trials. A
well-supported QA infrastructure can facilitate transparency, generate innovative
and high quality surgical research and pave the way for changes that will improve
surgical care. Improving the quality of surgical trials will ultimately render its
highest benefit to patients. Better surgical research maybe the most relevant and
urgent action we need to prioritize to deliver cost-effective treatment for our
patients today.

C ONC LUSION
This retrospective review of EORTC studies has demonstrated the need to clearly
define surgical parameters during protocol development, collect relevant surgical
data in CRFs and publish trial results in accordance with established guidelines as
a first step to implementing QA. It has also identified parameters that must
consistently be defined in future surgical trials. These have been organized in a
standardized surgical protocol chapter that is now being implemented within
EORTC.
The rationale for building a surgical research platform, an essential step to
facilitate the development of high quality prospective trials today, has been
discussed in this review. Support from different stakeholders and funding groups
is urgently needed to move surgical research forward.
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Chapter 9
GENERAL DISCUSSION
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THESIS ELABORATION AND FUTURE PERSPEC TIVES
In this thesis we discuss several ways to improve treatment for patients with
colorectal liver metastases. Up to half of patients with colorectal cancer will
develop liver metastases. Patients eligible for resection have median 5-year
survival rates around 40% [1]. In practice only 10% - 20% of patients are eligible
for a curative resection mainly due to extensive disease load or extra-hepatic
disease. Non-resectable colorectal liver metastases (CLM) can be treated by
ablation procedure (e.g. radio frequency ablation (RFA) or microwave ablation
(MWA)), although local recurrence rates are higher compared to patients treated
by surgical resection.
We have shown that, on a patient basis, the local recurrence (LR) rates of RF
ablations are indeed higher compared to liver resections. This is due to the more
advanced disease status of the patient rather than RFA being an inferior
technique, as LR rate on a lesion basis are similar between resection and RFA
(chapter 2). To further improve RFA accuracy and completeness we have
investigated whether spectral tissue sensing (STS) could discriminate between
ablated and non-ablated tissue. STS was integrated in the tip of a needle
(facilitating easy tissue probing) and could safely be used to monitor the ablation
process. This could accurately identify complete tissue ablation (chapters 3 and 4).
Next we have investigated whether the tissue identification characteristics of STS
could also be useful during surgical resections of CLM. We found that STS was
able to discriminate CLM from healthy liver tissue with great accuracy (chapter 6).
This could help the surgeon in improving both his ablations and resections by
performing a quality control using a STS needle and eventually improving patient
outcome.
Next to the surgical factors that influence patient outcomes with CLM, we have
investigated whether our own immune system plays a role in disease recurrence,
similarly as it does in patients with colon cancer [2]–[4]. We could confirm that high
densities of CD3+ lymphocytes at the tumor border and intratumoral mast cells are
associated with improved PFS, independent of chemotherapy treatment. In
patients receiving neoadjuvant chemotherapy, higher densities of intratumoral
CD3+ lymphocytes and mast cells were seen, which was associated with
pathologic response to chemotherapy and subsequent improved progression free
survival (PFS).
In parallel to these suggested treatment improvements for patients with CLM, we
have shown the importance of quality assurance in surgical trials. We have
identified parameters and constructed a framework for future surgical trials in
order to ensure high quality research that will actually contribute to changes in
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surgical treatment. The following chapters will discuss these studies in more
detail.
PART I - RFA treatment for colorectal liver metastases
RFA has been the leading ablation technique for unresectable CLM or patients
unable to undergo complete resection of all liver metastases. RFA can be used as
an adjunct to resection in patients with borderline resectable disease or lesions in
poor anatomical locations in order to preserve enough healthy liver tissue. In
combination with chemotherapy RFA treated patients can have a 5-year survival
rate > 40% [5]. Although local recurrence rates are higher in the patients treated
with RFA compared to resection alone, long-term overall survival and disease-free
survival can be similar between matched patient groups performed in
experienced centers [6].
Percutaneous RFA, especially when multiple lesions are involved, should be
reserved for patients unable to undergo surgery as the local recurrence rates are
significantly higher compared to surgical RFA. Although new imaging modalities
(CT, MRI, CEUS) have reduced the recurrence rates for percutaneous ablations by
increasing procedural accuracy, surgical procedures are in general still preferable
as they give superior outcome. Other advantages of surgical RF procedures over
percutaneous RF procedures are that during surgery it is easier to protect vital
organs from the generated heat (e.g. stomach, duodenum, colon). If needed,
needle relocation is easier and more accurate [7]. Also it is shown that during
surgical procedures new liver lesions are discovered in up to a third of patients
(mainly patients with multiple lesions), which could be treated by an additional
resection or RFA procedure in the same session, thereby improving outcome [8].
Although current contrast enhanced MRI screening has reduced the number of
these new undiscovered liver lesions, surgical exploration is still the preferred
option in patients with multiple lesions, despite its invasive character. It is
important to realize the differences in percutaneous and surgical RF procedures.
Unfortunately numerous publications report a mix of both techniques making it
difficult to truly appreciate the value of an individual technique.
There are no randomized controlled trials (RCTs) comparing surgical RF
procedures to resection in resectable colorectal liver metastases. Due to the
historical higher local recurrence rates of RFA, we see no such trial being
conducted in the near future. The French Fédération Francophone de
Cancérologie (FFCD) tried to answer this exact question with the FFCD 2002-2
trial. Unfortunately this trial was closed prematurely and failed to provide an
answer as there were insufficient patients accrued (because not enough centers
wanted to participate) [9]. Reason for this lack of participation could be a lack of
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faith in the trial, most likely a lack of faith in RFA. The available studies compare
resection for resectable lesions to RFA for unresectable lesions, resulting in worse
(local) recurrence rates for RFA. We cannot draw any conclusions from these trials
as they are non-randomized and have significant selection bias. Patient lesions are
unresectable mainly due to too extensive liver disease, i.e. more advanced
disease with more disease load and less favorable tumor biology. Appointing RFA
as an inferior treatment for resectable liver metastases based on these studies is
not scientifically sound, as quality evidence is lacking. As we were unable to
perform a randomized trial (let alone a systematic review of RCT’s), we seek the
next best level of evidence, i.e. comparing 2 sets of data from well-designed trials
(level 3 of the Oxford evidence based-medicine scale) [10].
The European Organisation for Research and Treatment of Cancer (EORTC) has
conducted two randomized controlled trials on patients with colorectal liver
metastases; the CLOCC trial (EORTC 40004) [5], [11] and the EPOC trial (EORTC
40983) [12], [13]. The CLOCC trial randomized patients with unresectable CLM to
systemic therapy versus systemic therapy with RFA and the EPOC trial randomized
patients with resectable CLM between perioperative chemotherapy and surgery
alone. These randomized controlled trials gave us the opportunity to compare two
sets of well-documented and controlled trial patients: RFA treated patients from
the CLOCC study and resected patients from the EPOC study. Both patient
groups received chemotherapy; from the CLOCC trial we took patients from RFA
and adjuvant chemotherapy arm and from the EPOC trial we took patients form
the surgery with perioperative chemotherapy arm. Both trials used a similar
systemic treatment regimen. Patients with initial lesions ≤4 cm were included in
our study, as this was the maximum diameter for inclusion in the CLOCC trial, and
this resulted in a comparison of 55 RFA treated patients compared to 81 resected
patients. It is important to note that there were baseline differences between
these patient groups as the RFA patients had more advanced disease status. Our
comparison has shown that surgical RFA compared to resections of CLM had a
higher local recurrence rate per patient (resp. 14.5% vs. 7.4%). However more
than half of the RFA treated patients had 4 or more separate lesions (median 4,
range 1 – 9) compared a single lesion in more than half of the resected patients
(median 1, range 1 – 4). In order to compensate for this difference we compared
the local recurrence rates per lesion, resulting in a similar local recurrence rate for
RFA and resection (resp. 6.0% vs. 5.5%). These rates per lesion are in line with
earlier published studies on surgical RF ablations for CLM, ranging from 4.1% - 9%
[14]–[19]. A recent cohort study from Imai et al., comparing resection with RFA vs.
resection only for CLM treatment with curative intent, showed similar results. RFA
was used as an adjunct to resection for the treatment of unresectable or deeply
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located tumors. Overall local recurrence rates per patient were higher for the
combined treatment group (24% vs. 9.1%), mainly due to a higher LR for the RFA
treated patients (14% per patient). The LR rate per lesion for the RFA site was only
7%, which is comparable to our study. More importantly, in the study of Imai et al.
long-term outcome was similar between the arms, even though the combined
treatment arm had more advanced disease (i.e. more and unresectable liver
metastases). OS and DFS for the whole group were not significantly different for
both groups (5-year OS rate 57% vs. 61% for hepatic resection + RFA vs. resection
alone respectively) [6].
Tumor size was an important risk factor for recurrence in RFA in our study. Lesions
larger than 3 cm recurred seven times more often than lesions ≤ 3 cm (21.4% vs.
2.9%). This high local recurrence rate for lesions > 3 cm treated by RFA has been
extensively described in literature [7], [20], [21]. First experience series with lesions
up to 7.5 cm lead to a shocking local recurrence rate of 60% [22]. While
experienced centers with lesion size limited to 3 cm treated by surgical RFA report
local recurrence rates as low as 1.6 - 3.6% [20], [23], [24]. Larger lesions require
either multiple sessions with a single ablation needle, or a multi-fiber or multineedle ablation session in order to achieve the 0.5 – 1.0 cm safety margin for
possible satellite tumor cells, heat sink phenomenon or needle positioning errors.
Larger tumors are therefore more susceptible to incomplete ablations and
inherent local recurrences. Tumor location seems a risk factor for disease
recurrence as well. Nine out of ten recurrences in the RFA group were from
lesions in central liver segments (i.e. segments 1, 4, 5, or 8). This is in line with
several studies where central or deep location was a risk factor for disease
recurrence after RFA as these are more difficult to reach and are more susceptible
for the heat-sink phenomenon [20], [25]–[27]. In such cases a surgical resection is
not always suitable. Lesions with poor anatomical locations, e.g. near central
vessels, would require extensive hepatic resections with loss of a lot of healthy
liver tissue.
In conclusion, for the moment, there are no RCTs comparing resection to RFA for
resectable CLM. Therefore we cannot advocate RFA has an alternative for
resection in these lesions. Taking our results into account we believe local
recurrence rates of resection and RFA, even in our different patient groups, do not
differ greatly, especially for lesions up to 3 cm. With our study we hope to have
further changed the concept on the use of RFA for treatment of CLM and hope
the surgeon and his team shall include RFA as a valuable option for selected
patients.
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PART II - Spectroscopy in treatment of colorectal liver metastases
The main issue of RFA for CLM is the degree of uncertainty on the actual ablated
area. Current imaging techniques (e.g. US, CT, or MRI) cannot accurately
determine or real-time monitor the achieved ablation zone. The completeness a
tumor ablation is assessed by either estimating the extent of the ablation zone
using imaging techniques, or monitoring tissue temperature or impedance during
the ablation procedure. Currently the most employed imaging techniques to
assess the extent of the ablation zone are ultrasound, CT or MRI, where
ultrasound is used for perioperative RFA procedures and CT or MRI for
percutaneous RFA procedures. A relatively new technique is contrast-enhanced
ultrasound (CEUS) that uses an intravenous contrast agent to visualize the
parenchymal microvasculature in the 3 vascular phases (arterial, venous portal and
late phase) similar to contrast-enhanced CT and MRI, resulting in similar
diagnostic accuracy. However, the first month after the ablation a post-procedural
hyperemic rim is seen that can be mistaken for residual malignant tissue.
Currently, there is no available imaging technique that can accurately predict the
extent of the true tissue coagulation during or directly after the ablation, as they
cannot discriminate residual disease from this ablation-induced hyperemic rim
[28]. Experimental animal studies show fluor-18-deoxyglucose-positron emission
tomography (FDG-PET) might differentiate between the postoperative hyperemic
rim and residual disease, but this is an expensive procedure and more
(translational) research is needed [29]. Histopathological examination using
nicotinamide adenine dinucleotide diaphorase (NADH) staining is the only way to
determine complete tissue coagulation (i.e. cell death). NADH is a
histopathological tissue marker for cell metabolism. The downside is that the
procedure takes at least several hours, precluding an immediate additional
ablation in the same session.
Next to the standard duration of the ablation procedure and follow-up using
imaging procedures (e.g. CT), temperature monitoring can be used for monitoring
complete tumor ablation. This can be done invasively by placing thermocouples
(temperature sensors) in the desired ablation margin or non-invasively by
magnetic resonance thermometry. Although the latter seems promising, it is still
under development and there is no real-time feedback available yet [30]. Another
issue is that tumor tissue, as many other tissues, have variable heat-sensitivity,
making temperature alone not an accurate measure for thermal tissue damage
[31], [32].
In this thesis we have investigated whether STS can be used to aid the surgeon in
accurate real-time tissue identification during surgical resections and RF
procedures. In recent years various teams have successfully focused on
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spectroscopic detection of thermal damage of animal liver tissue and found that
fluorescence spectroscopy (FS) and diffuse reflectance spectroscopy (DRS) can
accurately determine whether tissue is ablated [33]–[36]. We have taken the next
step and investigated whether STS integrated at the tip of a needle can
differentiate between ablated tissue and non-ablated tissue in patients that
underwent routine ablations for unresectable CLM. In addition, we investigated
whether STS can be used to differentiate tumor tissue from normal liver tissue and
therefore possibly serve a guide for surgical resection of CLM.
STS during RFA procedures
In our studies we examined whether STS could discriminate ablated from nonablated liver tissue and showed that the spectral changes induced by RFA were
mainly due to the change in oxyhemoglobin. Furthermore, we investigated
whether STS can be used to monitor the progress of an ablation procedure as
currently there is no real-time feedback for the degree of tissue coagulation
during ablations and most procedures are performed using standard operating
procedures, i.e. 12-min ablation procedure. Continuous ex vivo spectral
measurements (directly after hepatic resection of CLM) showed that STS could be
used during tissue heating to monitor the tissue coagulation progress without
compromising spectral acquisition. These results were confirmed in 2 in vivo
measurements and formed the basis of our next trial where we investigated the
diagnostic accuracy of STS in in vivo routine RFA procedures of unresectable
CLM. In this trial we included 8 patients scheduled for routine RFA of unresectable
CLM and performed STS measurements in the and around the liver lesions. We
correlated the data to histology results of the tissue biopsies at the measurement
sites and to follow-up CT scans of the radiological markers that were placed at the
measurement sites. Histology confirmed the correct placement of the STS probe
in normal liver tissue (surrounding the tumor) and follow-up CT scans showed the
measurement sites (marked by radiological coils) were all in the ablated zone. In a
subset of patients additional biopsies were taken and processed using NADH
staining. We showed that the changes in the STS correlated consistently with
histological changes of complete tissue coagulation. Ablated tumor tissue as well
as surrounding normal liver tissue could be discriminated from non-ablated tissue
in vivo with more than 96% accuracy using the optical ablation ratio (OAR). The
OAR is a ratio (between -1 and 1) created to maximize interpretation of the
reflectance spectrum and simultaneously minimize interpretation errors by
nullifying individual variations in amplitude. In three patients we have used
continuous STS measurements during ablations to monitoring the ablation
progress. We could identify roughly 3 stages in spectral shape during tissue
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ablation process. From the start of the RFA procedure there is first a period of
negligible change, than a period of continuous change in reflectance pattern until
this is followed by a plateau phase, where the changes in reflectance remain
consistent (even after the RF procedure had finished). In both our RFA studies we
have found this plateau phase was reached before the completion of the 12minute procedure (approximately after 6 to 7 minutes). Although more research is
needed, it seems STS can predict complete tissue coagulation and could be used
in future personalized procedural length as size and tissue characteristics differ
between patients.
The spectroscopy needle allowed measurement of reflectance for two sourcedetector fiber separations; short distance (0.34 mm) and long distance (1.7 mm).
In general, smaller distance between the emitting and collecting fibers will result
in a lower penetration depth and smaller sampling volume, that may render the
measurements more susceptible to blood contamination at the needle tip
(especially during in vivo measurements in well-perfused tissues like the liver). In
order to enhance the reliability of our method, we therefore chose to use the
larger fiber distance for the measurements that were performed during the in vivo
ablation.
This optical technique integrated at the tip of a fiber-optic needle (i.e.
spectroscopy needle) enables us to monitor the progress of ablation real-time, as
well as determining the extent of the ablated area. This can be used during or
after surgical RF procedures at various critical points of interest (e.g. near large
vessels). Using STS we can real-time monitor tissue ablation and determine the
completeness of the ablation procedure, thereby hopefully improving outcome
and minimizing local recurrence rates.
STS during hepatic resections
Preoperative imaging techniques have been improved in the last decades.
Contrast-enhanced CT and especially liver specific imaging as gadoxetic acidenhanced MRI can accurately identify and locate CLM [37]. However during the
actual surgical procedure, the surgeon mostly relies on tactile feedback for
complete resection of the tumor tissue. The exact tumor border is not always clear
and (especially after neoadjuvant chemotherapy) the difference between normal
liver tissue and tumor tissue can be difficult to distinguish. Intraoperative US can
be used to facilitate tumor detection, but there is not much additional value for
detecting new liver lesions compared to preoperative contrast enhanced-MRI [38].
A previous study had shown DRS can accurately discriminate tumor tissue from
normal liver tissue in ex vivo measurements of CLM [39]. We have investigated if
STS during surgical procedures is able to accurately discriminate CLM from
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normal liver tissue and whether this is influenced by neoadjuvant chemotherapy.
In total 17 patients with 19 tumors were included in this in vivo study. Optical
measurements were taken before the tumor tissue was resected. Biopsies were
taken and markers were placed at the site of the measurement to correlate the
spectral data to histology and imaging. DRS and FS showed that hemoglobin,
bile, blood oxygen saturation (stO2) and the optical redox ratio (ORR) were
significant markers in tissue identification for CLM. The optical redox ratio is a
measure for the metabolic state of the probed tissue, derived from the NADH and
FAD parameters (defined as NADH/NADH+FAD) collected during FS
measurements.
As expected hemoglobin and bile were lower in tumor issue compared to normal
liver tissue independent of neoadjuvant systemic therapy. CLM are known to be
hypo-perfused compared to normal liver tissue, which enables us to detect them
on contrast-enhanced CT scans [40]. The lower concentrations of bile in tumor
tissue are comparable to our previous ex vivo liver analysis and seem logical, as
CLM do not produce bile like the normal liver does. Blood oxygen saturation
showed mixed results in patients with and without systemic pretreatment. In
pretreated patients StO2 was higher in tumor tissue compared to normal liver
tissue, while it was significantly lower in tumor tissue compared to normal liver
tissue of non-pretreated patients. Similar results were seen in chemotherapy
(cisplatin) treated mice compared to chemotherapy-naïve mice [41], although a
solid explanation is still lacking. The increased optical redox ratio in tumor tissue
can be explained by the increased cell metabolism during carcinogenesis [42],
[43].
Our analyses show that chemotherapy did not influence the discriminative
parameters. Hemoglobin, bile and the ORR remained significant parameters
independent of chemotherapy treatment. This is an important result as an
increasing number of patients with borderline resectable CRLM receive
neoadjuvant systemic chemotherapy in order to downsize the lesion(s). There is no
clear literature on the risk of an involved resection margin after neoadjuvant
systemic therapy. However borders of these pre-treated lesions could be more
difficult to determine during surgery due to local response to systemic therapy,
while these lesions by itself have already an increased chance of involved
resection margins, because of their larger size, increased number or unfavorable
anatomical location. Large cohort studies show overall R1 resection rates vary
from 13% - 24% for both pretreated and surgery alone patients combined.
Involved resection margins are independently associated with early recurrence
and decreased DFS, but without an OS difference [44]–[47]. A recent publication
of Truant et al. confirms a study of De Haas et al. that tumor biology is more
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important than the surgical margin [46], [48]. Although microscopically involved
resection margins do not hamper overall survival in the era of adjuvant
chemotherapy, the burden for the patient should be taken into account [49]. Next
to the physical stress of additional treatment (e.g. hepatic resections, ablations
and/or new chemotherapy regimen) psychological stress plays an important role
in the quality of life of cancer patients. A surgeon should always strive for
complete tumor removal (R0) to minimize tumor recurrence. Smart surgical
devices, e.g. incorporating STS in surgical tools, can help the surgeon in achieving
a complete oncological resection or ablation in CLM while preserving as much
healthy liver tissue as possible. Moreover we have shown that the diagnostic
accuracy is not impaired by the use of neoadjuvant chemotherapy.
STS is a valuable adjunct to current imaging modalities and especially adds to the
perioperative setting where real-time feedback is essential. It is easy to use and
provides quick objective tissue identification that could help the surgeon in
perioperative decision-making that potentially could be of critical importance for
patient outcome. We believe STS will change surgical practice and herald a new
era in surgical quality improvement.
Concluding, our translational research showed that STS is a new and worthy
addition to the treatment of patients with colorectal liver metastases. STS can be
used during surgical resections of CLM as quality control at critical points of
interest. Improving curative resections rates and outcome in patients with
resectable CLM. STS can also be used for real-time monitoring and quality control
in RFA procedures thereby possibly improving local control. Local recurrences
currently prohibit RFA to be an acceptable alternative to resection. Adding STS to
ablation procedures could potentially turn them into an equal alternative for
resection in selected patients.
PART III - Immune response in colorectal liver metastases and the
impact of quality assurance in surgical research
Immune response
In 1979 House and colleagues have shown that our immune system plays an
important role in colorectal cancer patients (CRC) survival [2]. In recent years,
various studies in primary cancers (e.g. ovarian, breast and colon) have shown an
immune response is associated with an improved outcome [4], [50], [51]. For
example, tumor-infiltrating lymphocytes (TILs) in colorectal cancer are associated
with an improved OS and DFS. Galon and colleagues have investigated a
peritumoral T-cell immune response (CD3+, CD8+ T-cells and T memory cells) and
showed stage 4 CRC patients with a high peritumoral immune response have a
better DFS than patients with stage 1 disease and a low peritumoral immune
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response. They concluded that an immune response could potentially be more
relevant for prognosis than conventional UICC-TNM classification [4]. Various
groups have shown a peritumoral or intratumoral immune response is associated
with an improved PFS and OS, although the complexity and extent of this tumorimmune-modulation in both CRC and CLM is not fully understood. Several
mechanisms and cells have been identified to possess anticancer properties (e.g.
cytotoxic and memory T-cells), while others are immune suppressive and result in
poor outcome (e.g. regulatory T cells) [50], [52].
Zitvogel et al. [53], [54] suggested several mechanisms that could be responsible
for this enhanced immune response. (1) Chemotherapy-induced transient
lymphopenia could stimulate the production of more tumor-specific T-cells,
thereby eradicating inhibiting regulatory T-cells and tumor-induced T-cell
signaling defects, resulting in an increased CD8+ T-cell tumor homing and activity.
(2) Also improved (cytotoxic) tumor cell death may lead to more antigen
presentation and improved immune response priming. (3) Some chemotherapy
has, next to an immune suppressive effect, a stimulating effect on the
peritumoural immune response. The majority of systemic treatment of advanced
colorectal cancer and colorectal liver metastases is based on a FOLFOX regimen
(5-FU with leucovorin and oxaliplatin). 5-FU may act proinflammatory, e.g. by
inducing heat-shock proteins that are involved in both the innate and adaptive
immune responses. This facilitates antigen uptake and subsequent crosspresentation of tumor antigens to various immune cells, thereby stimulating a
coordinated immune response [55]. In addition, murine studies show oxaliplatin
has a synergistic effect with an intact immune system. Immune competent mice
showed more tumor growth inhibition with oxaliplatin treatment compared to
immune incompetent littermates [54].
It is however not clear if the immune response in the tumor microenvironment of
CLM is similar to that of CRC. There have been several studies on different types
of immune response in CLM [52], [56]–[63]. Generally, higher densities of these
immune cells (e.g. TILs, B-lymphocytes and macrophages) are associated with an
improved outcome. The general application of these studies is difficult, due to
their heterogeneity on types of immune cells, measurement locations and diverse
regimens of adjuvant systemic treatment. Moreover, the effect of neoadjuvant
systemic therapy on a local immune response in CLM is unknown. Halama and
colleagues [61] showed that an improved immune response (CD3+, CD8+ and
granzyme B+ T-cells) at the tumor invasive margin of colorectal liver metastases is
associated with radiological response to chemotherapy (RECIST) and longer PFS
and OS rates. Whether this prolonged survival is a direct result of the improved
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immune response or solely attributed to systemic therapy is unknown as all
patients received neoadjuvant treatment.
In light of these findings we have performed a study on the quality and quantity of
the peritumoural immune response in patients with resected colorectal liver
metastases treated with and without systemic chemotherapy and correlated it to
PFS. We performed a central pathology review of 82 patients from the EPOC trial
(38 from the chemotherapy arm and 44 from the surgery alone arm) for
immunohistochemistry analyses. We investigated a wide array of immune cells; Tlymphocytes (CD3+, CD4+ and CD8+), B-lymphocytes (CD20+), macrophages
(CD68+) and mast cells (CD117+). The immune response was quantified for these
markers from 2 mm outside the tumor to 2 mm inside the tumor. Three zones
were defined; a 1 mm2 zone stretching 0.5 mm on both sides of the tumor edge
(i.e. tumor normal interface TNI), a normal liver tissue zone (1.5 mm2) and a tumor
tissue zone (1.5 mm2). There is no clear literature on cut-off values for immune cell
densities. We chose to divide the immune cells in two groups with the median a
cut-off. Absolute cell counts above the median were classified as high densities
and counts at or below the median were classified as low densities.
We found that CD3+ and CD4+ lymphocytes and macrophages were the most
common immune cells overall with highest cell counts at the TNI. High densities
of CD3+ lymphocytes at the TNI and CD117+ mast cells in the tumor were
associated with prolonged PFS (median PFS 10.8 versus 22.8 months, p = 0.031).
These high densities of CD3+ lymphocytes at the TNI have been seen in multiple
studies [58], [59] and were associated with improved outcome [61], [64]. Halama et
al. [61] investigated CD3+, CD8+ and granzyme B+ T-cells at the TNI of resected
CLM after neoadjuvant systemic therapy and found that the combination of high
densities of these TILs is associated with improved DFS and OS. Donadon et al.
[64] recently investigated the effect of CD3+ T-cells and natural killer cells (NK) in
patients undergoing hepatectomy after neoadjuvant systemic therapy. They
confim our results that high densities of CD3+ T-cells at the TNI are associated
with improved outcome. Katz et al. [56] have performed intratumoral tissue
microarray biopsies and found high densities of CD3+ lymphocytes and a low
CD4+ to CD8+ ratio (< 1.4) was associated with improved survival. They did not
investigate the TNI or normal liver tissue. We found no association for improved
outcome for intratumoral CD3+ lymphocytes, or for a low CD4+ to CD8+ ratio in
either zone or overall. We have found a significant association with improved PFS
for mast cell tumor infiltration. Several studies have investigated tumor infiltration
by mast cells and found associations for both better and worse outcome
depending on the primary tumor; e.g. gastric, lung (adenocarcinoma), pancreatic
and renal cell cancer show worse outcomes, while breast, non-small-cell lung
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cancer, colorectal and ovarian cancer show improved outcomes [51]. Mast cell
densities have not yet been studies in CLM.
By comparing treatment arms, we investigated the effect of chemotherapy on the
local immune response. We found in the chemotherapy treated patients (1) more
CD3+ lymphocytes and mast cells inside the tumor, (2) less macrophages at the
TNI and (3) less macrophages and CD4+ lymphocytes in the normal liver tissue
compared to patients treated by surgery alone. There are no studies to compare
these results, as this is the only study that investigates immune response in
relation to chemotherapy in CLM. Chemotherapy seems to stimulate mast cell
densities in the tumor. Although the absolute numbers are very small, there was a
significant difference between treatment arms. This improved mast cell response
could be a marker of therapy response as it is known that mast cells are involved
in the pathogenesis of fibrosis, e.g. in dermal scarring or after radiotherapy for
breast cancer [65]. This is consistent with the observation of Rubbia-Brandt [66]
that the response to chemotherapy consists in increased fibrosis. More studies are
needed to confirm our results.
In concert with individual analyses of immune cells, we adapted similar scoring
systems for combined T-cell analyses as described for primary colorectal cancers
by Pages and Galon et al. [67], [68] and for CLM described by Halama et al. [61].
Our T-cell score is based on the numeration of two lymphocyte populations (CD3+
and CD8+) both inside the tumor and at the TNI. This score ranges from 0 - 4 (i.e.
low densities of both T-cells in both regions vs. high densities for both T-cells in
both regions). We have found that the percentage of patients with a high T-cell
score (3 or 4) was 44.7% in the neoadjuvant chemotherapy arm compared to 25%
in the surgery alone arm (p = 0.104). This difference was not statistically
significant, but with a larger cohort the difference could reach significance. High
T-cell score was significantly associated with prolonged median PFS (10.8 vs. 38.6
months). This result is in concordance with Pages and Galon, where their
‘immunoscore’ in primary CRC had significant associations with improved DFS and
OS for CRC [67]. Halama et al. used a similar scoring system based on cell
densities at the TNI to predict radiological response to chemotherapy (RECIST
criteria). Using recursive partitioning they determined a cut-off point for CD3+ Tcells (at 600 cells/mm2), CD8+ T-cells (at 200 cells/mm2) and granzyme B+ cells (at
25 cells/mm2) and found a high T-cell score correlated with chemotherapy
response using RECIST criteria and also longer PFS and OS rates [61]. Our cut-off
values at the TNI were higher; 1144 and 1234 cell/mm2 for CD3+ T-cells and 666
and 618 cells/mm2 for CD8+ T-cells for resp. surgery alone and chemotherapy
group. We did not investigate radiological response to chemotherapy, but
pathological response using the tumor regression grade (TRG) developed by
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Rubbia-Brandt. The TRG scores the amount of viable tumor cells, necrosis and
fibrosis resulting in no, partial or major response scores. It is developed for
pathologic response evaluation in CLM after chemotherapy pretreatment and
correlates well with DFS and OS [66]. Median number of CD3+ lymphocytes inside
the tumor was higher in patients with partial response and major response than in
patients with no response (p = 0.009). Similarly, a high T-cell score (> 2) was
correlated with better response according to TRG (p = 0.044). Also overall higher
densities of mast cells were associated with partial and major response (p =
0.005), while the T-cells, B-cells and macrophages were not correlated with
pathological response.
In conclusion, an immune response in the tumor microenvironment is stimulated
by FOLFOX chemotherapy and is associated with pathological response and
subsequently a significantly prolonged PFS. This increase in PFS could partly be
assigned to a chemotherapy-induced immune response instead of solely a
cytotoxic chemotherapy effect.
Quality assurance
During the past decade multidisciplinary teams (MDT) were introduced in the
treatment of CLM. A recent prospective trial showed the MDT advised a change
of treatment plans in 36%; of which 72% were major changes (e.g. treatment
modality or type of surgery) [69]. The potential advantages of an MDT include
better patient care and survival outcomes, improved consistency, continuity,
coordination and cost-effectiveness of care. This clinical step in quality
improvement should similarly be implemented in surgical trials. Consistency in
trial definitions, data collection and reporting are important quality parameters
that could improve surgical trails.
Randomized controlled trials in surgery are less common compared to other
disciplines, mainly due to ethical or pragmatic problems. Funding can be an issue
as well as pharmaceutical companies are not wildly enthusiastic in funding a trial
of operation A vs. operation B [70], [71]. Around 10% of the trials in
clinicaltrials.gov are surgery related, of which only 1 in 10 are actually
investigating a surgical variable and the rest of the trials concern (neo)adjuvant
systemic treatment or observational studies [72]. Landmark surgical trials in the
field of rectal and gastric cancer are testaments to the real challenge as well as the
impact of implementing QA for surgery [73], [74]. Despite the advances in cancer
therapy, surgery remains a fundamental, if not the most important treatment
option of solid tumors. A multidisciplinary approach to cancer treatment is critical,
but regardless of their efficacy, neither chemotherapy nor radiotherapy can
compensate for inadequate surgery [75]. As patient outcome is directly related to
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optimal treatment, quality of surgery is a cornerstone not only in patient care, but
also in clinical trials. Several studies have shown that quality improvement in
surgical procedures have more influence on local control than the use of other
treatments modalities such as chemotherapy or radiotherapy [76], [77].
Increasing the absolute number of surgical RCT’s is important, but even more
relevant is the improvement of the quality of surgical trials. We have conducted a
study to investigate the surgery related content of the protocols, data collection
and reporting of surgical trials performed by the EORTC. From 1980 to 2013 the
EORTC has developed 1030 trials of which only 51 (5%) were surgery related.
Eighteen concerned a surgical comparison and 33 concerned (neo)adjuvant
treatment or optional surgery (non-surgical comparison). We investigated
differences between time periods (1980 to 1990, 1991 to 2000, and 2001 to
2013). The analysis of the protocol, case record form (CRF) and the publication
(available in 33 trials) revealed that there was generally a more complete
description, collection and publication from the year 2000 as protocol
standardization was implemented and overall more focus on QA processes.
Important parameters as surgical technique were described in all era’s in more
than 90% of publications, however more extensively as the years progressed.
Resection margin definition and analysis were also better described in the last era
than in the first (10% vs. 54%) and collection of original surgical and pathological
reports for central review were more comprehensive in recent years. Other
perioperative parameters like anesthesia, thrombotic prophylaxis, antibiotic
prophylaxis and follow-up schedules were least well described. These variables
may not seem significant, but all contribute to surgical morbidity and mortality
[78].
As recent protocols are at least ten-fold more extensive than final manuscripts,
there is a loss of information in final publications. Proper publications should be
brief and to the point without losing the important parameters in order to reenact
the trial. Preoperative imaging, staging and patients’ performance status were
most consistently described. The type of surgery was reported in >85% of
publications, similar in all era’s, but surgical techniques were more extensively
described in only half of publications in the last 2 decades (57%). Surgical
resection margins were better described in recent years, but still in only half of the
publications (18% vs. 50%).
From these results we have constructed a framework for future surgical trials in
order to ensure quality and reproducibility. This framework has been implemented
by the EORTC in a new standardized surgical chapter for future protocols. This is
an essential step in facilitating development and impact of future high quality
trials. When fellow surgeons wish to reproduce a published technique or
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treatment, they should be able to read the essential information in the trial
publication and be informed on the benefits, risks and outcome of the treatment.
In conclusion, over the years there is has been a general improvement in quality of
surgical trials performed by the EORTC, but there is more room for improvement.
Important surgical parameters were identified and should be defined in the
protocol, collected in the CRF’s and reported in surgical publications. Future
surgical trials should implement a standardized surgical chapter in order to
improve surgical trial reporting and faster implementation of new and promising
surgical techniques, as these can be at least as important than further improving
and tailoring systemic treatments.
PART V – C onclusions and future perspectives
We have investigated several aspects of treatment improvements for patients with
colorectal liver metastases. We have shown that treatment efficacy of RFA and
resection for patients with colorectal liver metastases seem similar per lesion (for
lesions up to 3 cm). We have shown that STS can accurately monitor and identify
tissue ablation. Adding STS to the current imaging modalities in order to perform
a perioperative quality control can improve complete tumor ablation rates, lower
local recurrence rates and improve patient outcome. Especially percutaneous
ablation procedures that cope with high local recurrence rates can benefit from
adding STS as a quality control at critical points of interest. Future ablation
devices could be equipped with several STS probes in order to monitor the
advancing ablation margin and thereby perform high quality tailored ablation
procedures.
STS can also discriminate CLM from normal liver tissue with high accuracy. Adding
STS to liver resections for CLM can improve patient outcome, especially in the era
of neoadjuvant systemic treatment where responding lesions are difficult to
identify during surgery. STS can be used to identify the border of tumor lesions
and help the surgeon determine the extent of the resection (or ablation).
Incorporating STS in surgical tools (e.g. forceps, surgical or electrocautery knife)
can give real-time feedback on the excised tissue, hopefully lowering local
recurrence rates and preserving as much healthy liver tissue as possible. These
smart surgical devices can facilitate quick tissue identification during surgery and
give the surgeon real-time objective information to make key decisions during
surgery. Questionable tissue can be identified within seconds and an immediate
modification in treatment plan can be performed resulting in improved oncologic
outcome. Development and implementation of these smart surgical devices
would aid the surgeon in achieving a complete tumor ablation and/or resection.
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Surgical aspects are important in the treatment of patients with colorectal liver
metastases but our own immune system plays an important role as well. Enhanced
peritumoral immune response is associated with improved survival and
furthermore chemotherapy seems to enhance a peritumoral immune response.
More research is needed to fully understand the mechanisms of this response, as
some immune cells seem more important than others. Future research should
focus on identifying parameters why some patients have (or some tumors induce)
an effective immune response and why others don’t. If these mechanisms are
clarified we can start developing (personalized) immunotherapy to enhance this
response in all patients.
This thesis focuses on several aspects of quality improvement in care for patients
with CLM. As always, more research is needed to further develop and implement
new techniques and treatment options. Quality assurance in surgical trials is of the
utmost importance to facilitate this process. We have developed a surgical quality
assurance template as surgery specific parameters as often lacking in protocols
and final publications. This implementation should achieve more consistent data
collecting and trial reporting. This would make trials scientifically more powerful
and more easily acceptable adaption into clinical practice.
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