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Introduction

Throughout history, surgeons are trained to rely on their physical examination to guide 
decision making. Concerning the assessment of tissue perfusion, a surgeon relies on 
subjective and sometimes indirect observations, including tissue temperature, color and 
the presence of pulses. Although these clinical observations are of vital importance, 
the surgical field lacks a technique for the reliable and quantitative assessment of tissue 
perfusion. Within the field of vascular surgery, this becomes visible when interpreting 
skin circulation in patients with lower extremity arterial disease (LEAD). This disease, 
which is characterized by the presence of atherosclerotic disease of the lower limb, is 
diagnosed based on a clinical history and examination, combined with diagnostic tests 
providing information about the macrovascular status (1). The most utilized diagnostic 
tests include the ankle-brachial index, toe pressure measurement, duplex ultrasound, 
digital subtraction angiography, computed tomography angiography  and magnetic 
resonance angiography. While these techniques provide valuable information about 
lower leg circulation, the actual perfusion on skin level remains unknown. This absence 
of information about skin perfusion seems the presumable cause that none of these 
techniques have proven predictive value in wound healing, which can be of paramount 
importance in patients with chronic-limb threatening ischemia (CLTI) due to ischemic 
wounds (2). The vulnerable patients in this latter group are at high risk of undergoing 
a major amputation with a substantial risk of concomitant wound healing problems 
(3). Besides the prediction of wound healing, adequate assessment of skin perfusion in 
patients with LEAD has the potential to guide revascularization strategies. Although the 
decision for a revascularization procedure is thoughtful, the lack of information about 
foot perfusion might provoke aggressive revascularization strategies with undesirable 
outcomes. Furthermore, adequate assessment of foot perfusion has the ability to prevent 
unnecessary interventions. In the search for the reliable assessment of skin perfusion, 
several imaging techniques have been studied (4-6). Transcutaneous oxygen pressure 
measurement has proven to predict healing problems following lower limb amputation 
to a certain extent, however, the additional benefit over clinical assessment has not been 
demonstrated (6). Other techniques examining the evaluation of tissue perfusion include 
laser-speckle imaging and dynamic volume perfusion computed tomography. For both 
techniques, significant differences were seen in foot perfusion when comparing results 
pre- and postrevascularization procedures (5, 7). However, there is still limited evidence 
on the validity of these techniques in determining the quality of tissue perfusion. A 
technique gaining popularity for tissue perfusion assessment is near-infrared (NIR) 
fluorescence imaging using indocyanine green (ICG). NIR fluorescence imaging is a 
technique to visualize fluorescence in the NIR light spectrum (780 to 1000nm). A 
NIR fluorescence imaging system consists of a light engine, exciting the target tissue, 
combined with a camera measuring the fluorescence intensity (Figure 1). The advantages 
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of fluorescence imaging in the NIR spectrum over visible light include the relatively 
deep tissue penetration of up to one centimeter and the low effect of autofluorescence 
(8). These features enable the system to clearly visualize a fluorophore with an excitation 
– and emission peak in the NIR light spectrum. The most utilized fluorophore for 
the assessment of tissue perfusion in near-infrared fluorescence imaging is ICG. This 
negatively charged, ambiphilic, water soluble tricarbocyanine was approved by the Food 
and Drug Administration in 1957 and has very low toxicity and side effects (9, 10). The 
feasibility of ICG for assessment of perfusion is explained by several properties. First 
of all, ICG has excellent fluorescence properties for NIR fluorescence imaging, with 
an excitation peak of 780nm and an emission peak of 820nm (11). Secondly, upon 
intravenous administration, ICG binds to plasma proteins, confining the fluorophore 
to the intravascular compartment (11). Furthermore, ICG has a rapid hepatic clearance, 
minimizing interference with the registered fluorescence intensity over time in the 
target tissue (12). The first reported use of this technique for assessment of vascular 
anatomy was in the field of ophthalmology (13). Since then, ICG in NIR fluorescence 
imaging has been performed in various surgical fields including gastro-intestinal surgery, 
cardiac surgery, and reconstructive surgery (14-19). Within the field of vascular surgery, 
perfusion assessment using ICG NIR fluorescence imaging has been used for various 
indications, including diagnosis of LEAD, quality control following revascularization 
and for assessment of tissue viability following amputation surgery (20-22). Following 
ICG NIR fluorescence imaging of the target area or so called region of interest (ROI), 
skin perfusion analysis is performed by either a qualitative or quantitative analysis. For 
qualitative analysis, this means the perfusion is interpreted based on subjective evaluations 
of the fluorescence intensity by the observer. For a quantitative analysis, the fluorescence 
intensity is most often expressed in arbitrary units (a.u.). Furthermore, the fluorescence 
intensity can be analyzed by creating time-intensity curves, describing the fluorescence 
intensity change over time. Both qualitative and quantitative analyses of ICG NIR 
fluorescence imaging in assessment of skin perfusion for patients with LEAD have been 
performed and have shown varying results (23-25). This can partially be attributed 
to the differences in used camera systems and used quantification software. Besides, 
these studies varied among design and were mostly performed in an experimental pilot 
setting. Furthermore, the interpretation of the fluorescence intensity can be misleading, 
as the signal is influenced by several factors, including camera distance and angle to the 
target tissue (26). In the quest towards reliable perfusion assessment with ICG NIR 
fluorescence imaging, these challenges have to be overcome. Therefore, this thesis aims 
to further assess the value of ICG NIR fluorescence imaging for perfusion assessment in 
vascular surgery and explore potential applications for  use in clinical practice.
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Figure 1. ICG NIR fluorescence imaging setup.
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Thesis outline

This thesis is divided in three parts, preceded by the introduction in Chapter 1. Part I 
focuses on the quantification of tissue perfusion using ICG NIR fluorescence imaging. 
In Part II, the clinical applications of quantitative ICG NIR fluorescence imaging for the 
assessment of tissue perfusion are explored. Part III includes the summary, discussion 
and appendices of this thesis. 

Part I
This section starts with a systematic review about the use of ICG NIR fluorescence 
imaging in patients with LEAD, displayed in Chapter 2. To provide an overview of the 
wide variety of performed quantification methods in ICG NIR fluorescence imaging, 
Chapter 3 describes a systematic review about the parameters used for quantification of 
tissue perfusion in various surgical fields. In the three chapters following these systematic 
reviews, the quantification of tissue perfusion is assessed in original articles. Chapter 4 
provides an overview of the ICG NIR fluorescence perfusion patterns of  CLTI patients 
compared to non-LEAD control patients. In Chapter 5, the effect of normalization on 
the measured fluorescence time-intensity curves is displayed. The quantification of free 
flap tissue perfusion using ICG NIR fluorescence during reconstructive breast surgery is 
demonstrated in Chapter 6.

Part II
This part evaluates the potential clinical applications of quantitative ICG NIR 
fluorescence imaging in vascular surgery. Chapter 7 demonstrates the reliability 
of ICG NIR fluorescence imaging to assess changes in tissue perfusion following 
revascularization procedures. The predictive value of quantitative ICG NIR fluorescence 
imaging is shown in Chapter 8, which comprises the use of this technique in predicting 
tissue viability following amputation surgery.

Part III
The summary of the thesis and general discussion with future perspectives on the use of 
ICG NIR fluorescence imaging in vascular surgery as well as other surgical disciplines 
are pointed out in Chapter 9. Finally, the Dutch summary, curriculum vitae and list of 
publications of the author are shown in Chapter 10.






