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CHAPTER 1

GENERAL INTRODUCTION  
AND OUTLINE OF THE THESIS
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1
RADIOTHERAPY SIDE EFFECTS IN HEAD AND NECK

In the Netherlands head and neck (HN) cancer has an incidence of 17 per 100,000 

persons with an increasing 10-year survival rate over the last decades [the 

Netherlands Comprehensive Cancer Organization]. With this increasing survival 

rate long-term side effects of cancer treatment become more relevant as they 

negatively influence quality of life (QoL). Radiotherapy (RT) plays an important 

part in the treatment of HN malignancies and is known for inducing late side 

effects that develop over several months to years after treatment. Although 

RT regimen are aimed at protecting healthy tissue as much as possible, healthy 

peritumoral tissue will inevitably be affected to some extent. 

Acute irradiation injury develops during the course of treatment and 

predominantly affects tissues with rapid cell division such as the oral mucosa, 

which can result in oral mucositis. Subsequent to the acute injury phase of 

oral mucositis, fibrin leaks into surrounding tissues driven by the release 

of vasoactive cytokines. Progression into the late injury state results in 

blockage of vascular lumen which induces tissue hypoperfusion and regional 

hypoxia.43 It is not entirely clear if late tissue injury is caused by direct damage 

to mesenchymal cells, or indirectly through vascular injury or a combination 

of both.43 In the 80’s Marx proposed the 3 H’s theory in which late irradiation 

damage in tissue is expressed in a hypovascular, hypocellular and hypoxic 

tissue state.23,24 More recent an alternative theory was proposed by Delanian 

et al. in which radiation-induced fibrosis caused fibroatrophy in soft tissue and 

bone by aberrant fibroblast activity and extracellular matrix disruption.9 This 

thesis will mainly focus on microvascular alterations associated with RT. 

Late radiation tissue injury (LRTI) in the HN region usually manifests from 

3-6 months after start of RT and can result in damage to salivary glands, 

dentition, periodontium, oral mucosa, muscles, nerves, cartilage and bone.7,38,43 

The progress of radiation induced tissue deterioration can ultimately result 

in necrosis of soft tissue, cartilage and bone (osteoradionecrosis (ORN)). The 

definition of ORN is described as “exposed and necrotic bone associated 

with ulcerated or necrotic surrounding soft tissue which persists for greater 

than 3 months in an area that had been previously irradiated (not caused by 

tumor recurrence)”.32 ORN in HN cancer patients has a reported incidence of 

2-22%27,29,39 and is a feared late complication as it could lead to mutilation 

and severe impairment of function. Due to the compromised health state 
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of the tissue surrounding the necrosis, broad resection and often extensive 

reconstruction are required in these advanced and clinically complicated 

cases. The HN region is anatomically complex with many vital structures that 

are important in performing everyday functions such as speech, mastication, 

swallowing, innervation of facial muscles and esthetics that contribute to social 

interaction. Inevitably, impaired function in this region has a severe impact on 

QoL.6,19

HYPERBARIC OXYGEN THERAPY

Hyperbaric oxygen therapy (HBOT) is extensively under investigation 

concerning its resuscitating potential in the field of tissue repair and 

regeneration.16,31,34 HBOT is described as breathing of 100% oxygen at a pressure 

above 1 atmosphere absolute (ATA). Oxygen tension level in blood plasma is 

elevated with the purpose of mobilizing oxygen to reach hypoxic tissue and 

induce neoangiogenesis. HBO treatment sessions for LRTI commonly has a 

duration of 90-120 minutes at 2-2.4 ATA and is administered on a daily basis. 

Although previous studies report contradicting results on the efficacy of 

HBOT, its angiogenic potential has been demonstrated in in vitro and in in vivo 

studies.16,22,34,36,41 Furthermore, evidence of moderate quality exists in support 

of HBOT improving outcomes associated with LRTI.3,33 However, treatment 

protocols and the efficacy of HBOT remain a matter of debate33 and more 

research to determine timing and patient selection is needed.3 

Prophylactic HBOT is given if surgical intervention (e.g., tooth extraction 

or implant placement) is required in previously irradiated tissue. Currently no 

specific patient selection is considered for administration of preventive HBOT 

as it is not clear in which patients LRTI will develop and when. However, some 

risk factors are identified such as fraction dose and health-related factors.11,28,38 

Therapeutic HBOT is administered at the time that tissue breakdown is clinically 

visible and the underlying pathophysiology has progressed towards critical 

stage. A method for visualizing in-vivo microvascular status could contribute to 

the understanding of disease progression and monitor the effects of supportive 

therapies. The ability to examine and observe tissue function and anatomy and 

to be able to quantify these observations formed the basis and the starting 

point of this thesis. 
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1
ORAL MICROCIRCULATION 

The microcirculation consisting of the smallest vessels in the circulatory system 

(<100 micrometers; e.g., arterioles, capillaries, venules) serves an important 

function in delivering and removing constituents to and from tissues. Gas 

exchange (CO
2
 and O

2
) and management of nutrients and waste products are 

prerequisites for maintaining tissue health and to resist or manage pathological 

processes. Derangement in microcirculation can jeopardize the healing 

capacity and consequently result in pathologies. Interpreting early alterations 

diagnostically in tissue microcirculation (organ, sublingual) is an ongoing goal in 

a broad field of research with the aim of defining clinical targets of therapy and 

timing of treatments at the patient bedside. By harnessing the diagnostic value 

of the microcirculation, it would be possible to improve microcirculatory indices 

and hereby patient outcome and treatment success.18,37,42 An advantage of the 

HN region is that the oral mucosa provides a direct window into the region of 

interest.

The oral mucosa lines the oral cavity and has varying thicknesses in epithelium 

(keratinized and non-keratinized) between the different oral tissues. The 

underlying connective tissue (lamina propria) consists of a papillary layer and a 

reticular layer. Ascending arterioles extend from the reticular layer of horizontal 

vascular network into the papillary layer, form capillary loops that arch towards 

the epithelium and then continue descending down into the venous system in 

the reticular layer and subsequently into submucosa. The submucosa consists 

of loose connective and fatty tissue, larger blood and lymphatic vessels, salivary 

glands and nerve fibers. 

Different anatomic regions and their associated microcirculation can 

be identified when studying the oral cavity with handheld vital microscopy 

(HVM). Sprouting capillary loops originating from the deeper reticular layer are 

organized as an array of capillary loops below the epithelial surface and in the 

papillary layer of the lamina propria of the oral mucosa, e.g., the lip, the gingiva 

[Fig. 1] and the buccal lining mucosa [Fig. 2]. 
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Figure 1. Handheld vital microscopy image of mandibular gingiva. 

Figure 2. Handheld vital microscopy image of buccal mucosa.  

In the sublingual region, capillary loops are also present but since the epithelium 

is thin the capillary loops are less visible and the underlying vascular bed 

arranged as a horizontal vascular network is visible instead in the reticular layer 

of the lamina propria [Fig. 3]. 

Figure 3. Handheld vital microscopy image of sublingual mucosa.
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1
DEVELOPMENT OF BEDSIDE MICROCIRCULATION MONITORING 
TECHNIQUES

It is an ongoing challenge to develop suitable techniques to monitor and quantify 

the microcirculation at the patient-side. Several techniques exist and over the 

years they have assisted and facilitated clinicians and researchers with the ability 

to examine and investigate different aspects of the microcirculation. These 

established techniques range from routine static evaluation of microvascular 

tissue based on histology,4 estimation of tissue microvascular flow (e.g., laser 

Doppler flowmetry, laser speckle contrast imaging),15,40 tissue oxygenation 

(e.g., near-infrared spectroscopy)21 and direct microvascular visualization (e.g., 

intravital microscopy, optical coherence tomography, spectroscopy-based 

hand-held vital microscopy (e.g., orthogonal polarization spectral imaging, 

sidestream dark-field imaging, incident dark-field illumination imaging)).8,10,30 

Bedside application and the potential to assess different microcirculatory 

parameters are essential for clinical evaluation of microvascular tissue overtime. 

HVM techniques evolved rapidly in the last 3 decades to meet clinical and 

diagnostic requirements associated with different medical specialties.  

After introduction of incident dark-field (IDF) illumination for intravital 

microscopy in 1971, which provided a deeper field of illumination and visualization 

of erythrocytes below the surface,35 devices to improve clinical applicability and 

image quality followed. Groner et al. developed the orthogonal polarization 

spectral (OPS) imaging technique (Cytoscan™, Cytometrics, Philadelphia, 

PA, USA).14 OPS has been validated against intravital microscopy in different 

settings showing significant correlation between parameters like red blood 

cell (RBC) velocity, vessel diameter and functional capillary density.5 Following 

OPS imaging an upgrade in the form of the sidestream dark-field (SDF) 

imaging device (MicroScan Video Microscope System, MicroVision Medical, 

Amsterdam, The Netherlands) was developed in 2007 by Goedhart et al. and 

again was validated against the OPS. The results of Goedhart et al. showed good 

comparative values for parameters like capillary diameters and RBC velocities 

between the two imaging devices with SDF imaging presenting a higher image 

quality in sublingual microcirculation versus OPS.13 SDF imaging used a new way 

of illumination by positioning LEDs at the tip and around the central light guide 

which prevents light reflections from tissue surface and improved contrasting. 

The illuminating outer core causes scattering which resulted in the illumination 
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of the microcirculation in the tissue. The absorption of LED lights in hemoglobin 

of the erythrocytes provides an image of RBCs in the microcirculation contrasted 

by a light background.13 SDF imaging also improved in clinical applicability by 

using low-power LED lights so that with the use of a battery pack the device 

is more mobile for ambulant use. Braedius Scientific introduced the third-

generation device, the CytoCam (CC) Microscope System (Braedius Medical, 

Huizen, The Netherlands), a computer-controlled video microscopy imaging 

system with even higher image resolution and larger field of view.1,17,25 With a 

controllable focal depth it is easier to obtain images of different regions of 

interest by maintaining the right focus margin.25 Additionally, the hardware of the 

CC offers online analyzing which brings diagnostics and analysis one step closer 

to realizing practical bedside application and therefore its clinical use. HVM 

techniques have previously been applied in oral and maxillofacial research.20,26 

HVM was able to enhance evaluation and examination of microcirculation 

heterogeneity in perfusion, microvascular density, flow and angiomorphology. 

These parameters collectively represent the microcirculatory state and can 

indicate perfusion (dys-)function. It has been proposed that heterogeneity in 

flow compromises O
2
 distribution and therefore is less tolerated by tissues than 

diminished homogeneous flow in which extraction of O
2
 from the blood supply 

is still possible.12 For assessment of these parameters several methods were 

developed and validated for which consensus guidelines were established.2 

OUTLINE OF THE THESIS

The aim of this thesis was to elucidate the effects of RT and HBOT independently 

on oral microcirculation in preclinical and clinical studies. In clinical studies the 

objective was to clarify aspects of LRTI in the oral microcirculation of HNCP and 

the subsequent resuscitating potential of HBOT. Furthermore, the feasibility 

of HVM (SDF and CC) in detecting RT and HBOT induced changes in the 

microcirculation was examined. It was hypothesized that RT elicits detectable 

microcirculatory derangement corresponding with a disturbed hemodynamic 

function and a hypovascular state. Furthermore, it was hypothesized that 

HBOT promotes compromised microvascular tissue towards healing or healthy 

microvascular tissue state. 
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1
This chapter (Chapter 1) provides a general introduction to ORN, RT, HBOT, the 

microcirculation and imaging techniques described in this thesis. In Chapter 2 

a model is presented in which the aim was to determine whether changes in 

the oral microcirculation of the sublingual mucosa could be measured under 

influence of changing normobaric and hyperbaric oxygenation settings. 

The hypothesis that was tested was whether the measured microcirculatory 

alterations were reversible. The experimental study presented in Chapter 3 
investigates the role of HBOT in advancing vascular regeneration in healing of 

oral mucosal flaps. A wound healing model was used to study and compare 

the temporal course of mucosal flap vascularization under normal and HBO 

conditions. In Chapter 4 the onset of LRTI was evaluated overtime in rabbit 

mandibular mucosa and bone in a pilot IR model. The hypothesis was tested 

that cumulative IR dosages result in oral mucosal and mandibular bone 

histopathological changes corresponding to that of LRTI in humans. 

In Chapter 5 and Chapter 6 two clinical studies are presented. In Chapter 5 the 

pathophysiology associated with RT on the oral microcirculation is described and 

the clinical feasibility of patient-side assessment of late IR oral microvascular 

changes in HN cancer patients using the CC device was investigated. A final 

prospective study presents in vivo effects of HBOT on oral microvascular 

changes associated with late IR injury in HN cancer patients in Chapter 6. 
The tested hypothesis in this study was that HBOT redirects irradiated oral 

microcirculation parameters towards levels corresponding to healthy tissue. 

All findings are presented and evaluated in the general discussion in Chapter 7 
ending with elaboration on future study perspectives. Finally, Chapter 8 
presents a general summary of this thesis in both English and Dutch.  
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ABSTRACT

Hyperoxia and hyperbaric oxygen therapy can restore oxygen tensions 

in tissues distressed by ischemic injury and poor vascularization and 

is believed to also yield angiogenesis and regulate tissue perfusion. 

The aim of this study was to develop a model in which hyperoxia-

driven microvascular changes could be quantified and to test the 

hypothesis that microcirculatory responses to both normobaric (NB) and 

hyperbaric (HB) hyperoxic maneuvers are reversible. Sublingual mucosa 

microcirculation vessel density, proportion of perfused vessels, vessel 

diameters, microvascular flow index, macrohemodynamic, and blood 

gas parameters were examined in male rabbits breathing sequential O2
/

air mixtures of 21%, 55%, 100%, and return to 21% during NB (1.0 bar) 

and HB (2.5 bar) conditions. The results indicate that NB hyperoxia (55% 

and 100%) produced significant decreases in microvascular density and 

vascular diameters (p<0.01 and p<0.05, respectively) accompanied by 

significant increases in systolic and mean arterial blood pressure (p<0.05, 

respectively) with no changes in blood flow indices when compared to 

NB normoxia. HB normoxia/hyperoxia resulted in significant decreases 

in microvascular density (p<0.05), a transient rise in systolic blood 

pressure at 55% (p<0.01), and no changes in blood vessel diameter and 

blood flow indices when compared to NB hyperoxia. All microcirculation 

parameters reverted back to normal values upon return to NB 

normoxia. We conclude that NB/HB hyperoxia-driven changes elicit 

reversible physiological control of sublingual mucosa blood perfusion 

in the presence of steady cardiovascular function and that the absence 

of microvascular vasoconstriction during HB conditions suggests a 

beneficial mechanism associated with maintaining peak tissue perfusion 

states.
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INTRODUCTION

It is generally acknowledged that hyperoxia and hyperbaric oxygen therapy 

(HBOT) can promote metabolic resuscitation,34,47 angiogenesis,18,20,42 

and regulate tissue perfusion37,48 by restoring oxygen tensions in tissues 

distressed by ischemic injuries or poor vasculature. Recanalization of oxygen 

establishes sufficient oxygen availability necessary for sustaining repair 

and regeneration.39,41 However, research-based evidence in support of the 

beneficial effects associated with hyperoxia and hyperbaric oxygen (HBO) have 

been controversial. For example, breathing high oxygen concentrations has 

been associated with adverse events such as elevated reactive oxygen species 

(ROS),8,46 altered cellular metabolic25,37,38 and rheological properties,1,50 activation 

of coagulation,27,30,32,35 endothelial dysfunction7 and vasoconstriction.37,48 While 

it is plausible that mutual advantages and disadvantages associated with 

hyperoxia may yield ultimately beneficial therapeutic effects, the net result 

depends on what the treatment strategy demands for achieving a desired 

therapeutic outcome.

Intrabarochamber measurements (HBO
m

) of microhemodynamic responses 

in oral tissues are very limited since data acquisitions involving oxygen rich 

environments and electrical equipment remain a safety and technical challenge. 

Most studies report data obtained before and after HBOT and few directly from 

inside the HB tank. To our knowledge laser Doppler flowmetry (LDF),36,44 near-

infrared spectroscopy (NIRS),26 and video capillaroscopy (VC)50 have been used 

inside HBO environments to investigate peripheral cutaneous microcirculation 

from the posterior region of the medial malleolus (foot), the thenar eminence 

(thumb), and the nailfold microcirculation respectively. However, the extent of 

measuring functional vascular changes in specified tissue compartments such 

as the subepithelial microcirculation of the oral mucosa remains nihil since LDF 

and NIRS are unable to produce information based on anatomic inspection. 

VC on the other hand can provide anatomic based information; however, its 

size and cumbersome setup have hindered its introduction for applications 

intraorally. In view of this, the evolution and commercialization of technology 

incorporating optics and spectroscopy into compact handheld instruments 

today enables the application of sidestream dark-field video imaging (SDFI) for 

studying the microcirculation in oral tissues. Recently, the influence of HBOT 

on keratinized oral mucosal flap vascularization was investigated with SDFI for 
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the first time18 and demonstrated a robust increase in microvascular density 

prospectively.

The aims of this study were to develop a model in which the feasibility of 

performing HBO
m

 with an optical spectroscopic-based microvascular imaging 

instrument could be examined and to test the hypothesis that hyperoxia-driven 

microvascular blood perfusion response measured in the sublingual region 

elicits reversible perfusional changes associated with ambient normobaric (NB) 

and HB hyperoxic maneuvers.

METHODS

The study guidelines and protocols for this investigation were reviewed and 

approved by the institutional Animal Experimentation Committee of the 

Academic Medical Center of the University of Amsterdam. Animal care and use 

was performed in accordance with the EU Directive 2010/63/EU (22 September 

2010) and the Dutch Act on Laboratory Animal Experiments.

Animals
Eight male specific-pathogen free New Zealand White rabbits (Oryctolagus 

cuniculus) (Charles River Laboratories France, L’Arbresle Cedex, France) with 

a mean body weight of 3.4±0.3 kg were used in this study. All animals were 

individually housed in large conventional cages (R-SUITE Enriched Rabbit 

Housing, Techniplast S.p.A., Buguggiate (Varese), Italy) in a light-controlled room 

(12 hours light/dark cycle) kept at 22±2ºC with a relative humidity of 55±15% 

and were given 2 weeks to acclimatize to their new environment with access to 

a standard food pellet diet (LK-04, AB Diets, Woerden, The Netherlands) and 

water (acidified to pH 2.7) for consumption ad libitum. All investigations were 

conducted in the Academic Medical Center of the University of Amsterdam 

and at the same time of day (from 16:30 to 19:45). Each subject underwent 

induction and partial instrumentation in the laboratory animal facility before 

transport to a 98-m3 multiplace HB chamber in the Department of Hyperbaric 

Medicine for final instrumentation and the investigational procedures.
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Anesthesia and instrumentation
Sedation and anesthesia was induced subcutaneously (sc) with a mixture of 

ketamine (Nimatek, Eurovet Animal Health BV, Bladel, The Netherlands; 15 

mg·kg-1) and dexmedetomidine (Dexdomitor, Pfizer Animal Health BV, Capelle 

aan den IJssel, The Netherlands; 0.2 mg·kg-1) for orotracheal intubation and 

cannulation with indwelling arterial and venous catheters for blood sampling, 

monitoring basic hemodynamic parameters, and maintenance anesthesia 

according to our standardized anesthesia protocol. Prior to endotracheal 

intubation, an analgesic injection of buprenorphine (Temgesic®, Schering-

Plough BV, Utrecht, The Netherlands; 0.03 mg·kg-1 sc) was administered. Within 

one minute after full anesthesia (paw-pinch test) endotracheal intubation 

was performed blindly using a cuffed endotracheal tube (Mallinckrodt™ Hi-

Contour Oral/Nasal Tracheal Tube 3.0 mm Ø
i
/4.3 mm Ø

o
, Covidien™, Mansfield, 

Massachusetts, USA). The left central auricular artery was cannulated (BD 

Venflon™ 20GA 1.0×32 mm, Becton Dickinson infusion Therapy, Helsingborg, 

Sweden) to obtain baseline whole blood count and subsequently used for 

serial blood gas sampling. To ascertain the general state of (hematological) 

health in our animal models (Hewitt et al., 1989),19 baseline whole blood count 

was determined prior to experimentation by an automated Sysmex XE-5000 

(Sysmex Coorporation, Kobe, Japan) blood cell counter from 1 mL of blood 

withdrawn from the central ear artery and anticoagulated in K2E 7.2 mg 

EDTA BD Vacutainer® 4 mL tubes (Becton, Dickinson & Co., Plymouth, United 

Kingdom). The left posterior auricular marginal vein and the right femoral artery 

were cannulated (BD Venflon™ 22GA 0.8×25 mm, Becton Dickinson infusion 

Therapy, Helsingborg, Sweden) for maintenance anesthesia and hemodynamic 

monitoring (heart rate (HR), mean arterial pressure (MAP)) respectively. Prior 

to transportation to the HB chamber, 40 mL (2×20 mL) of sterile 0.9% NaCl 

(saline) solution was administered bilaterally via sc bolus (left and right flanks) 

to maintain hydration without the need for using additional equipment inside 

the HB chamber. 

Inside the HB chamber the auricular intravenous catheter was coupled to 

a DC-powered infusion pump (IVAC P3000, Alaris Medical Systems, Inc., San 

Diego, California) and set to infuse midazolam (Actavis, Hafnarfjordur, Iceland; 

5.7 mg·kg-1·h-1). The endotracheal tube was connected to a pediatric/neonatal 

ventilator (Maquet Servo Ventilator 900C, Siemens-Elema AB, Solna, Sweden) 

and the animals were ventilated at a tidal volume of 40 mL (1.1 L·min-1), a 
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frequency of 30 breaths·min-1, and a positive end-expiratory pressure (PEEP) 

of 2 mmHg at an initial baseline fraction of inspired oxygen (FiO
2
) of 21%. 

Arterial carbon dioxide (p
a
CO

2
) was maintained between 35 and 40 Torr. For 

hemodynamic monitoring and peripheral capillary oxygen saturation (SpO
2
), 

the right femoral artery cannula was connected to an Infinity® HemoMed™ pod 

(Dräger Medical Systems, Inc. Danvers, Massachusetts, USA) and a clip pulse 

oximeter sensor was attached to the animal’s right ear. Both hemodynamic and 

SpO
2
 data respectively were obtained from an Infinity® Delta multiparameter 

monitor (Dräger Medical Systems, Inc. Danvers, Massachusetts, USA) inside the 

NB chamber.

After infusion pump, ventilator, and hemodynamic monitoring apparatus 

coupling, the animals were restrained in a sternally recumbent position into 

a tabletop rodent mouth gag apparatus (Veterinary Instrumentation Limited, 

Sheffield, South Yorkshire, United Kingdom) with the jaws fixed in an open 

configuration; details on correct animal and apparatus adjustments have been 

described elsewhere.29 In brief, the restrainer platform was adjusted at an 

inclination of 30° to reduce stress on both the neck and back muscles and to 

avoid excessive traction on the incisor teeth. Mandibular extension adjustments 

were carefully set to avoid injuring muscles and articular ligaments from 

excessive stretching. Since the left side of the oral commissure was used for 

positioning and immobilizing the endotracheal tube on the restrainer platform, 

the free access on the right side of the oral cavity to the sublingual mucosa was 

used for microcirculation assessments. All equipment used in this study was 

thoroughly inspected by two experienced HB chamber electrical technicians of 

the Royal Netherlands Navy and approved exclusively for HBO application with 

regard to this study specifically.

Microcirculation imaging
Continuous monitoring of the sublingual microcirculation was performed by 

SDFI (MicroScan Video Microscope System, MicroVision Medical, Amsterdam, 

The Netherlands); details on this technique have been described elsewhere.15,28 

Briefly, the SDFI technique is incorporated into a portable handheld (347 gr) 

video microscopy instrument, allowing real-time noninvasive observations 

of tissue subsurface microcirculation. The absorption of 530-nm wavelength 

(green light), projected directly onto the tissue surface via stroboscopic light-

emitting diodes (13 ms illumination intervals),28 is absorbed by hemoglobin in 

red blood cells (RBCs) yielding images of well-defined dark globules (i.e. RBCs) 
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contrasted by a bright background. The MicroScan instrument is equipped with 

a 5× objective lens system (onscreen magnification approximating 380×), which 

in turn produce images captured by a charge-coupled device video camera 

with a 640×480-pixel resolution (3 μm·pixel-1) resulting in a 0.94 mm×0.75 mm 

imaged tissue segment. Prior to planning the experiments in this study, the 

interior components and cable connecting systems of the MicroScan instrument 

were carefully examined and tested by the same two experienced HB chamber 

electrical technicians to ascertain device safety for this investigation.

The MicroScan power supply is derived from an external DC power pack 

(12V/4500mAh). For this study a modified connecting system was prepared 

to accommodate only the MicroScan apparatus inside the HB chamber. The 

MicroScan and its DC power pack connecting cable system was split into two 

separate segments; two cables were separately assembled and equipped at 

each end with both a metal 6-pin (LEMO) male solder push-pull connector 

plug and at the other end with an Amphenol circular type 6-pin connector 

corresponding with the connecting panel connectors located both on 

the interior and exterior of the HB chamber. Outside the HB chamber, all 

measurements were stored on DVI tapes, recorded by a Sony DSR-11 DVCAM™ 

video recorder (Sony, Shinagawa-ku, Tokyo, Japan), and viewed on a 19-inch 

Samsung SyncMaster 932mv LCD monitor (Samsung, Seoul, South Korea) with 

a 1440×900-screen resolution. 

All microcirculation data acquisitions were performed with the MicroScan 

mounted on top of a modified micromanipulator [Fig. 1A]. Prior to advancing 

the imaging probe towards the ROI, excess secretions and debris (e.g. saliva and 

food) were gently removed using a 5 cm×5 cm non-sterile gauze moistened with 

0.9% sterile NaCl kept at 38ºC. Microcirculation measurements free of pressure 

induced artifacts, bubbles, and excess saliva were obtained after carefully 

advancing, positioning, and maintaining the lens of the imaging probe, covered 

with a sterile disposable cap (Microscan Lens, MicroVision Medical, Amsterdam, 

The Netherlands), with gentle contact directly on the right sublingual mucosa 

(base of the tongue) adjacent to the frenulum linguae [Fig. 1B]. From this point 

forward, with ideal focus and contrast adjustments, the probe was maintained 

on the same ROI for the entire duration of the two-part experimental protocol, 

as measurements of 2-min each were recorded sequentially at all designated 

time points.
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Figure 1. MicroScan mounted on top of a modified micromanipulator (A) and the setup of the MicroScan 
apparatus intraorally (B) targeting the right sublingual mucosa (probe the left side of the image) and the 
endotracheal tube oriented towards the left side of the oral cavity (on the right side of the image).

Experimental protocol
All experiments were performed at the same designated location inside the 

HB chamber. Since this was a two-part investigation, sequential hyperoxic 

experiments were conducted first during NB (1 atm [1.0 bar]) and then HB (2.5 

atm [2.5 bar]) conditions. Each part of the experiment consisted of switching 

FiO
2
 from 21% to 55%, 100%, and back to 21% once every 10 min during NB 

and then repeated at HB. An overview of the experimental procedures with 

corresponding time points is illustrated in Figure 2. Serial 0.5 mL of blood was 

withdrawn into heparinized (Heparin LEO®, LEO Pharma A/S, Ballerup, Denmark) 

1 mL syringes (BD 1 mL Syringe Tuberculin Slip Tip, Becton, Dickinson & Co., 

Franklin Lakes, New Jersey, USA) for blood gas analysis by a RAPIDPoint® 500 

Blood Gas System analyzer (Siemens, Mijndrecht, The Netherlands) at each 

inspired oxygen concentration. Upon completion of the first NB part of the 

protocol, a diving protocol was initiated with one investigator (DMJM, RH, or SH) 

inside the HB chamber to withdraw blood gas samples, reset the blood pressure 

probe at each level of the dive, if necessary adjust the focus of the MicroScan, 

and to monitor the general progress of the subjects. Each investigator entering 

the HB chamber was required to undergo a strict diving medical examination to 
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ascertain good health for participation in the second HB part of the experiments. 

During the second part of the investigation, blood gas samples were shuttled 

in- and outside the chamber through a small airlock. One of the two remaining 

investigators stationed outside the HB chamber (DMJM, RH, or SH) performed 

all microcirculation and blood gas measurements.

Figure 2. Overview of the experimental procedures and corresponding time points.

BL baseline, FiO
2
 fraction of inspired oxygen, msw meters of salt water

Microcirculation analysis
All data stored on DVI tapes were converted into AVI files for offline analysis 

using Adobe Premier Pro 1.5 (Adobe Systems Incorporated, San Jose, California, 

USA). Microcirculation video clips of 20 sec were captured from each of the 

2-min recordings (9 total) corresponding with measurements for both NB and 

HB procedures. All video clips used for analysis conformed to the recommended 

standards outlined by a consensus conference based on microcirculation data 

acquisition and analysis (De Backer et al., 2007).10 All microcirculation data 

analysis was randomized and analyzed by the same experienced investigator 

(DMJM).
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Microcirculatory analyses on vessels with diameters (Ø) <25 μm of total vessel 

density (TVD; mm vessel/mm2) and perfused vessel density (PVD; mm perfused 

vessel/mm2), proportion of perfused vessels (PPV; %),9 and microvascular flow 

index (MFI; score based on determination of the predominant flow type in four 

quadrants defined as either being absent (0), intermittent (1), sluggish (2), or normal 

(3))6,43 were performed on a computer with a 19-inch Samsung SyncMaster 932mv 

LCD monitor with a 1440×900 screen resolution using the Automated Vascular 

Analysis software package (AVA v3.02, MicroScan Video Microscope System, 

MicroVision Medical, Amsterdam, The Netherlands). Blood vessel diameter (Ø
bv

) 

analysis was performed according to a method described elsewhere.49 In brief, 

blood vessel diameter data was obtained from the skeletonization performed on 

the blood vessel density procedures in AVA for the TVD data. Five blood vessels 

(Ø<25 μm; mix of arterioles, capillaries, and venules) were selected at random 

from each of the four quadrants (i.e. 20 vessels total/video clip). The same 20 

blood vessels and their diameters were analyzed at specific locations that were 

selected on each vessel segment as a landmark (e.g. bifurcation or vascular 

crossing) to ensure reproducibility across all measurement time points.

Statistical analysis
Based on studies correlating systemic hemodynamic variables with lingual 

mucosal blood flow using LDF in rabbits23,31 in combination with our experience 

using SDFI in these animal models,18,29 a sample size of eight was derived. 

Gaussian distribution of all datasets was assessed with the Shapiro-Wilk 

Normality Test. Each dataset was separately and accordingly analyzed using 

either repeated measures analysis of variance or Friedman test to detect 

overall time effects. Assessment of significant main effects were subsequently 

identified between each time point using a Fisher’s Least Significant Difference 

(LSD) test or a Wilcoxon signed-rank test (nonparametric datasets). To adjust 

for inherent biological variations in each subject’s microcirculation at the 

sublingual ROI, TVD, PVD, and Øbv
 parameters were normalized with respect 

to baseline and converted into percentages for ease in data presentation and 

statistical examination. MFI was evaluated using the Friedman test with a Dunn’s 

multiple comparisons test for paired nonparametric repeated measurements. 

Differences detected with a p-value <0.05 were considered statistically 

significant. All data analysis was performed using IBM SPSS statistics software 

package (IBM® SPSS® Statistics version 23, IBM Corp. Armonk, NY, USA) and is 

presented accordingly as either mean±standard deviation (SD) or median (25th-

75th percentiles).
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RESULTS

Overall the experiments were uneventful and were performed and completed 

within the given experimental time frame. A summary of demographics 

with baseline hematological values and experimental procedural times 

are presented in Table 1. All hematological data were within normal ranges 

indicating a good state of health in our research subjects. 

The MicroScan setup enabled continuous monitoring with sequential 

measurements of the same microvascular network in the sublingual mucosa 

across the full experimental procedure. The MicroScan instrument produced a 

total of 72 video clips of good quality that did not require additional contrast 

and focus adjustments. Minimal histogram grey scale post-acquisition tweaking 

(mean X-axis -0.34±0.20, mean Y-axis 2.50±0.28) was performed for each 

subject’s dataset to reduce investigator interactions with the vascular analysis 

software by facilitating maximum vessel recognition. For each experiment 

dataset the same histogram grey scale setting was maintained and used across 

all time points. 

Table 1. Summary of basic demographic, hematology, and investigational procedure times from 8 SPF 
NZW rabbits. All datasets are presented as mean±SD. Corresponding normal hematological reference 
ranges from healthy animals from literature14,19† are provided for comparison.

Demographics:
Age [weeks] 16 ± 1

Weight [kg] 3.4 ± 0.3

 

Hematology: Normal ranges:

RBC [×1012/L] 5.7 ± 0.6 (3.7-7.5)†

Hb [mmol/L] 7.5 ± 0.9 (6.2-9.3)†

PCV (Hct) [L/L] 0.38 ± 0.04 (0.27-0.48)†

MCV [fL] 67.1 ± 2.7 (58.0-79.6)†

WBC [×109/L] 7.1 ± 0.8 (5.0-16.5)†

PLT [×109/L] 242 ± 45 (112-795)†

Procedural times:
Induction & instrumentation [min] 20 ± 5

Normobaric protocol [min] 40 ± 0

Hyperbaric protocol [min] 40 ± 0

Total experimental time [min] 120 ± 5

Hb hemoglobin, Hct hematocrit, MCV mean cell volume, NZW New Zealand White, PCV packed cell 
volume, PLT platelet count, RBC red blood cell count, WBC white blood cell count
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Normobaric hyperoxia
A summary of NB hyperoxia basic hemodynamic and blood gas parameters is 

presented in the first part of Tables 2 and 3 respectively. A statistically significant 

increase in systolic blood pressure was observed at FiO
2
 55% (T1) and 100% 

(T2) when compared to baseline (T0) (p=0.009 and p=0.040 respectively). MAP 

was stable throughout the experimental procedures except during the first 

hyperoxic maneuver, when the highest statistically significant rise in MAP was 

observed during FiO
2
 55% (T1) (p=0.023 vs. T0). No other statistically significant 

differences were observed for the remaining hemodynamic parameters. There 

were no statistically significant changes in arterial pH levels. Assessments of 

p
a
O

2
 and sO

2
 revealed significant elevations in both parameters during FiO2 

55% (T1) and 100% (T2) (p=0.018 respectively), these parameters normalized 

again after returning to normoxia (T3).

Microcirculation data coinciding with NB hyperoxic time points is presented 

in the first part of Table 4. Comparative analysis of baseline (T0) TVD and PVD 

revealed a significant mean 16% decrease in sublingual microvascular density 

for both FiO2
 55% (T1) and 100% (T2) (p=0.005 and p=0.003 respectively). A 

sample of an SDFI-derived sequence of vessel density changes during the 

NB experiments is illustrated in Figure 3A. A statistically significant increase in 

vasoconstriction (10%) compared to baseline (T0) was observed for Ø
bv

 during 

FiO
2
 55% (T1) and 100% (T2) (p=0.009 and p=0.047 respectively). Further visual 

inspection of microhemodynamics in the SDFI footage during hyperoxia FiO
2
 55% 

(T1) and 100% (T2) revealed the presence of scattered circulating microthrombi 

in small arterioles and venules and crawling leukocytes in larger venules in the 

microcirculation. No significant differences were observed for PPV or MFI.

Table 2. Summary of systemic hemodynamics.  
All parameters are presented as mean±SD.

NB HB NB

T0: BL
(FiO2: 21%)

T1
(FiO2: 55%)

T2
(FiO2: 100%)

T3
(FiO2: 21%)

T4
(FiO2: 21%)

T5
(FiO2: 55%)

T6
(FiO2: 100%)

T7
(FiO2: 21%)

T8
(FiO2: 21%)

HR [bpm] 172 ± 47 150 ± 22 146 ± 23 153 ± 21 134 ± 36 140 ± 15 149 ± 17 145 ± 10 161 ± 16

Systole [mmHg] 67 ± 13 76 ± 11** 73 ± 11* 63 ± 6 72 ± 7 76 ± 11** 76 ± 7 75 ± 1 73 ± 9

MAP [mmHg] 64 ± 15 71 ± 11* 64 ± 11 54 ± 5 60 ± 8 64 ± 7 62 ± 10 61 ± 2 63 ± 4

Diastole [mmHg] 62 ± 16 65 ± 14 59 ± 11 51 ± 7 53 ± 7 58 ± 8 57 ± 7 53 ± 2 58 ± 2

SpO
2

[%] 94 ± 4 95 ± 4 96 ± 3 93 ± 0 94 ± 3 97 ± 1 98 ± 1 98 ± 1 96 ± 2

BL baseline, bpm beats per minute, HR heart rate, HB hyperbaric, MAP mean arterial pressure, NB 
normobaric, SpO

2
 peripheral capillary oxygen saturation

**p<0.01 vs. T0, RM ANOVA
  *p<0.05 vs. T0, RM ANOVA
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Normobaric hyperoxia
A summary of NB hyperoxia basic hemodynamic and blood gas parameters is 

presented in the first part of Tables 2 and 3 respectively. A statistically significant 

increase in systolic blood pressure was observed at FiO
2
 55% (T1) and 100% 

(T2) when compared to baseline (T0) (p=0.009 and p=0.040 respectively). MAP 

was stable throughout the experimental procedures except during the first 

hyperoxic maneuver, when the highest statistically significant rise in MAP was 

observed during FiO
2
 55% (T1) (p=0.023 vs. T0). No other statistically significant 

differences were observed for the remaining hemodynamic parameters. There 

were no statistically significant changes in arterial pH levels. Assessments of 

p
a
O

2
 and sO

2
 revealed significant elevations in both parameters during FiO2 

55% (T1) and 100% (T2) (p=0.018 respectively), these parameters normalized 

again after returning to normoxia (T3).

Microcirculation data coinciding with NB hyperoxic time points is presented 

in the first part of Table 4. Comparative analysis of baseline (T0) TVD and PVD 

revealed a significant mean 16% decrease in sublingual microvascular density 

for both FiO2
 55% (T1) and 100% (T2) (p=0.005 and p=0.003 respectively). A 

sample of an SDFI-derived sequence of vessel density changes during the 

NB experiments is illustrated in Figure 3A. A statistically significant increase in 

vasoconstriction (10%) compared to baseline (T0) was observed for Ø
bv

 during 

FiO
2
 55% (T1) and 100% (T2) (p=0.009 and p=0.047 respectively). Further visual 

inspection of microhemodynamics in the SDFI footage during hyperoxia FiO
2
 55% 

(T1) and 100% (T2) revealed the presence of scattered circulating microthrombi 

in small arterioles and venules and crawling leukocytes in larger venules in the 

microcirculation. No significant differences were observed for PPV or MFI.

Table 2. Summary of systemic hemodynamics.  
All parameters are presented as mean±SD.

NB HB NB

T0: BL
(FiO2: 21%)

T1
(FiO2: 55%)

T2
(FiO2: 100%)

T3
(FiO2: 21%)

T4
(FiO2: 21%)

T5
(FiO2: 55%)

T6
(FiO2: 100%)

T7
(FiO2: 21%)

T8
(FiO2: 21%)

HR [bpm] 172 ± 47 150 ± 22 146 ± 23 153 ± 21 134 ± 36 140 ± 15 149 ± 17 145 ± 10 161 ± 16

Systole [mmHg] 67 ± 13 76 ± 11** 73 ± 11* 63 ± 6 72 ± 7 76 ± 11** 76 ± 7 75 ± 1 73 ± 9

MAP [mmHg] 64 ± 15 71 ± 11* 64 ± 11 54 ± 5 60 ± 8 64 ± 7 62 ± 10 61 ± 2 63 ± 4

Diastole [mmHg] 62 ± 16 65 ± 14 59 ± 11 51 ± 7 53 ± 7 58 ± 8 57 ± 7 53 ± 2 58 ± 2

SpO
2

[%] 94 ± 4 95 ± 4 96 ± 3 93 ± 0 94 ± 3 97 ± 1 98 ± 1 98 ± 1 96 ± 2

BL baseline, bpm beats per minute, HR heart rate, HB hyperbaric, MAP mean arterial pressure, NB 
normobaric, SpO

2
 peripheral capillary oxygen saturation

**p<0.01 vs. T0, RM ANOVA
  *p<0.05 vs. T0, RM ANOVA

Hyperbaric hyperoxia
HB hyperoxia basic hemodynamic and blood gas parameters are summarized in 

the second part of Tables 2 and 3 respectively. A statistically significant increase 

in systolic blood pressure was observed at FiO
2
 55% (T5) when compared to 

baseline (p=0.009), no other significant difference in systolic pressure was 

found for other HB time points. No other statistically significant differences 

were observed for the remaining hemodynamics parameters. Arterial pH 

remained within normal reference ranges across all time points. Interestingly 

although within normal range, a statistically significant decrease in arterial pH 

was observed at the end of the experimental protocol after ascending back 

to 1 atm (1.0 bar) (T8) from 2.5 atm (2.5 bar) (p=0.028), indicating mild acidosis. 

Pa
O

2
 and sO

2
 revealed statistically significant elevations in both parameters 

across all HB time points (FiO
2
 21%, 55%, 100%, and 21%, p=0.018 respectively), 

these normalized again following return to normoxia at 1 atm (1 bar) (T8). Total 

hemoglobin (tHb) remained within normal ranges across all time points despite 

a statistically significant increase at the end of the experimental protocol after 

returning back to 1 atm (1.0 bar) and normoxia (T8) (p=0.018 vs. T0).

The MicroScan instrument was stable under HB pressure. A summary of 

all microcirculation parameters coinciding with HB hyperoxic time points is 

presented in the second part of Table 4. Comparative analysis of TVD and PVD 

with respect to baseline (T0) revealed a significant mean 18% decrease for all 

HB time points (FiO2
 21% (T4), p=0.017; 55% (T5), p=0.004; 100% (T6), p=0.002; 

and 21% (T7), p=0.007). A sequence of SDFI frames illustrating changes in the 

microcirculation during the HB experiments is presented in Figure 3B. Return 

to NB normoxia at the end of the experimental procedure (T8) [Fig. 3C] fully 

reversed the effects induced by elevated p
a
O

2
 by normalizing TVD and PVD 

back to near baseline values (4%). 
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Table 3. Summary of arterial blood gas results. All parameters are presented as medians (25th-75th 
percentiles) and were temperature-dependent analyzed at 37°C. Corresponding normal arterial blood 
gas reference ranges from healthy animals obtained by point-of-care blood gas analyzers from 
literature2,13 † are provided for comparison; unfortunately arterial AnGap, Cl-, and Lac ranges derived 
from point-of-care blood gas analyzers were not reported, baseline reference ranges (minimum to 
maximum) from our animal group are presented. 

NB HB NB

Normal range:T0: BL
(FiO2: 21%)

T1
(FiO2: 55%)

T2
(FiO2: 100%)

T3
(FiO2: 21%)

T4
(FiO2: 21%)

T5
(FiO2: 55%)

T6
(FiO2: 100%)

T7
(FiO2: 21%)

T8
(FiO2: 21%)

pH [AU] 7.49 (7.45-7.50) 7.51 (7.49-7.53) 7.49 (7.48-7.51) 7.49 (7.48-7.51) 7.48 (7.44-7.52) 7.44 (7.40-7.51) 7.44 (7.42-7.46) 7.49 (7.43-7.52) 7.43 (7.41-7.46)* (7.35-7.54)†

p
a
O

2
[mmHg] 71 (55-84) 184 (107-196)* 452 (335-521)* 86 (75-98) 259 (241-277)* 465 (437-564)* 589 (500-679)* 296 (287-304)* 84 (81-87) (50-101)†

p
a
CO

2
[mmHg] 40 (33-48) 38 (32-44) 42 (37-42) 40 (38-47) 42 (41-42) 40 (36-41) 38 (34-44) 43 (39-47) 45 (43-45) (25-40)†

HCO
3

– [mmol/L] 30 (27-32) 27 (26-33) 31 (27-36) 31 (28-35) 30 (28-34) 27 (23-29) 27 (21-30) 32 (30-35) 29 (27-31) (18-29)†

BE [mmol/L] 5.8 (4.0-6.7) 3.9 (2.8-8.6) 6.3 (3.9-11.2) 6.5 (5.0-9.8) 5.7 (3.6-9.8) 2.5 (-2.2-5.8) 2.6 (-2.9-4.3) 7.4 (4.5-10.4) 3.5 (2.1-6.4) (-7.0-6.5)†

tHb [mmol/L] 7.5 (7.2-9.2) 7.6 (7.4-8.3) 8.1 (7.7-8.4) 8.2 (8.0-9.2) 8.5 (7.8-9.5) 7.5 (7.1-7.7) 7.6 (6.5-8.3) 8.3 (7.2-9.4) 9.2 (8.8-9.8)* (7.8-14.3)†

sO
2

[%] 95.5 (89.2-
98.2)

99.6 (99.4-99.7)* 99.7 (99.7-99.9)* 96.7 (95.8-98.6) 99.8 (99.7-99.9)* 99.8 (99.7-99.8)* 99.8 (99.8-99.8)* 99.8 (99.7-99.9)* 95.9 (94.1-96.9) (88-98)†

Na+ [mmol/L] 141 (133-142) 142 (137-146) 140 (138-143) 139 (136-141) 139 (135-142) 131 (128-137) 137 (136-140) 137 (137-140) 141 (139-144) (136-145)†

K+ [mmol/L] 3.0 (2.7-3.2) 2.8 (2.7-3.3) 3.1 (2.8-3.3) 3.0 (2.8-3.2) 2.8 (2.6-3.0) 2.3 (2.0-3.0) 2.7 (2.2-3.0) 2.8 (2.8-3.0) 3.3 (3.1-3.4) (3.5-5.1)†

Ca2+ [mmol/L] 0.85 (0.65-1.35) 0.71 (0.60-1.29) 0.73 (0.50-1.18) 0.89 (0.71-1.15) 0.73 (0.42-1.03) 0.53 (0.32-0.80) 0.59 (0.52-1.01) 0.60 (0.39-0.88) 0.97 (0.91-1.03) (1.67-1.94)†

Cl– [mmol/L] 99 (98-108) 102 (98-108) 100 (98-101) 98 (97-101) 99 (98-101) 99 (96-100) 100 (98-102) 98 (97-98) 102 (101-102) (97-113)

AnGap [mmol/L] 14 (11-15) 15 (13-15) 13 (10-13) 14 (13-15) 13 (10-14) 11 (9-14) 13 (10-15) 13 (11-15) 14 (10-18) (11-15)

Glu [mmol/L] 15.0 (8.2-16.0) 12.7 (9.3-17.4) 15.4 (11.8-18.1) 16.7 (14.0-19.9) 15.2 (13.2-16.7) 12.6 (10.9-14.2) 13.2 (11.4-15.0) 15.9 (15.6-16.8) 14.2 (12.4-16.5) (5.9-11.4)†

Lac [mmol/L] 0.65 (0.63-
0.68)

0.65 (0.58-0.68) 0.72 (0.69-0.75) 0.75 (0.75-0.84) 0.71 (0.64-0.89) 0.70 (0.69-0.72) 0.68 (0.57-0.69) 0.70 (0.66-0.70) 0.92 (0.79-1.10) (0.63-0.68)

AnGap anion gap, BE base excess, BL baseline, FiO2 fraction of inspired oxygen, Glu glucose, HB 
hyperbaric, HCO3– bicarbonate, Lac lactate, NB normobaric, paO2 partial pressure of oxygen in arterial 
blood, paCO2 partial pressure of carbon dioxide in arterial blood, sO2 oxygen saturation, tHb total 
hemoglobin
*p<0.05 vs. T0, Friedman test

68400 Renee Helmers.indd   3668400 Renee Helmers.indd   36 24-11-21   09:4224-11-21   09:42



Hyperoxia-driven microvascular changes

37

2NB HB NB

Normal range:T0: BL
(FiO2: 21%)

T1
(FiO2: 55%)

T2
(FiO2: 100%)

T3
(FiO2: 21%)

T4
(FiO2: 21%)

T5
(FiO2: 55%)

T6
(FiO2: 100%)

T7
(FiO2: 21%)

T8
(FiO2: 21%)

pH [AU] 7.49 (7.45-7.50) 7.51 (7.49-7.53) 7.49 (7.48-7.51) 7.49 (7.48-7.51) 7.48 (7.44-7.52) 7.44 (7.40-7.51) 7.44 (7.42-7.46) 7.49 (7.43-7.52) 7.43 (7.41-7.46)* (7.35-7.54)†

p
a
O

2
[mmHg] 71 (55-84) 184 (107-196)* 452 (335-521)* 86 (75-98) 259 (241-277)* 465 (437-564)* 589 (500-679)* 296 (287-304)* 84 (81-87) (50-101)†

p
a
CO

2
[mmHg] 40 (33-48) 38 (32-44) 42 (37-42) 40 (38-47) 42 (41-42) 40 (36-41) 38 (34-44) 43 (39-47) 45 (43-45) (25-40)†

HCO
3

– [mmol/L] 30 (27-32) 27 (26-33) 31 (27-36) 31 (28-35) 30 (28-34) 27 (23-29) 27 (21-30) 32 (30-35) 29 (27-31) (18-29)†

BE [mmol/L] 5.8 (4.0-6.7) 3.9 (2.8-8.6) 6.3 (3.9-11.2) 6.5 (5.0-9.8) 5.7 (3.6-9.8) 2.5 (-2.2-5.8) 2.6 (-2.9-4.3) 7.4 (4.5-10.4) 3.5 (2.1-6.4) (-7.0-6.5)†

tHb [mmol/L] 7.5 (7.2-9.2) 7.6 (7.4-8.3) 8.1 (7.7-8.4) 8.2 (8.0-9.2) 8.5 (7.8-9.5) 7.5 (7.1-7.7) 7.6 (6.5-8.3) 8.3 (7.2-9.4) 9.2 (8.8-9.8)* (7.8-14.3)†

sO
2

[%] 95.5 (89.2-
98.2)

99.6 (99.4-99.7)* 99.7 (99.7-99.9)* 96.7 (95.8-98.6) 99.8 (99.7-99.9)* 99.8 (99.7-99.8)* 99.8 (99.8-99.8)* 99.8 (99.7-99.9)* 95.9 (94.1-96.9) (88-98)†

Na+ [mmol/L] 141 (133-142) 142 (137-146) 140 (138-143) 139 (136-141) 139 (135-142) 131 (128-137) 137 (136-140) 137 (137-140) 141 (139-144) (136-145)†

K+ [mmol/L] 3.0 (2.7-3.2) 2.8 (2.7-3.3) 3.1 (2.8-3.3) 3.0 (2.8-3.2) 2.8 (2.6-3.0) 2.3 (2.0-3.0) 2.7 (2.2-3.0) 2.8 (2.8-3.0) 3.3 (3.1-3.4) (3.5-5.1)†

Ca2+ [mmol/L] 0.85 (0.65-1.35) 0.71 (0.60-1.29) 0.73 (0.50-1.18) 0.89 (0.71-1.15) 0.73 (0.42-1.03) 0.53 (0.32-0.80) 0.59 (0.52-1.01) 0.60 (0.39-0.88) 0.97 (0.91-1.03) (1.67-1.94)†

Cl– [mmol/L] 99 (98-108) 102 (98-108) 100 (98-101) 98 (97-101) 99 (98-101) 99 (96-100) 100 (98-102) 98 (97-98) 102 (101-102) (97-113)

AnGap [mmol/L] 14 (11-15) 15 (13-15) 13 (10-13) 14 (13-15) 13 (10-14) 11 (9-14) 13 (10-15) 13 (11-15) 14 (10-18) (11-15)

Glu [mmol/L] 15.0 (8.2-16.0) 12.7 (9.3-17.4) 15.4 (11.8-18.1) 16.7 (14.0-19.9) 15.2 (13.2-16.7) 12.6 (10.9-14.2) 13.2 (11.4-15.0) 15.9 (15.6-16.8) 14.2 (12.4-16.5) (5.9-11.4)†

Lac [mmol/L] 0.65 (0.63-
0.68)

0.65 (0.58-0.68) 0.72 (0.69-0.75) 0.75 (0.75-0.84) 0.71 (0.64-0.89) 0.70 (0.69-0.72) 0.68 (0.57-0.69) 0.70 (0.66-0.70) 0.92 (0.79-1.10) (0.63-0.68)
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Interestingly, there were no statistically significant differences observed for Ø
bv

at any HB time points or return to baseline conditions. MicroScan recordings 

during HB conditions showed denser blood volume in the microcirculation 

when compared to all NB normoxic-derived images with generalized enlarged 

(distended) microvascular calibers [Fig. 4], no scattered microthrombi or 

crawling leukocytes could be observed in the microcirculation during HB time 

points. No significant differences were observed for PPV or MFI.

For ease in data presentation, since TVD and PVD resulted in virtually equal 

datasets, a graph illustrating a complete overview of all experimental time 

points and parameter trends between normalized PVD with pa
O

2
, MAP, and Ø

bv

is presented in Figure 5.

Figure 4. Sample microcirculation images of both NB and HB normoxia illustrating prominent 
microvascular perfusion differences consisting of denser blood volume in vessels (darker overall tone 
of circulating blood with no visible gaps) and generalized marginal increases in vascular calibers (white 
arrow heads) during HB conditions. These interesting visual features in the microcirculation indicate an 
adverse event associated with HB conditions suggestive of endothelial dysfunction, providing an 
explanation as to the benefi ts of enhanced blood perfusion and oxygen distribution into tissue.  
FiO

2
 fraction of inspired oxygen.
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Table 4. Summary of microcirculation data (vessels with diameters (Ø) <25 μm). All parameters are 
presented in mean±SD. For blood vessel diameter change (∆Ø

bv
), the negative in front of the number 

indicates vasodilation, all other positive ∆Ø
bv

 data coincide with vasoconstriction.
To correct for anatomical variations between animals, datasets (TVD, PVD, and Ø

bv
) were also normalized 

with respect to baseline and are expressed as percentages [%]. 

NB HB NB

T0: BL
(FiO2: 21%)

T1
(FiO2: 55%)

T2
(FiO2: 100%)

T3
(FiO2: 21%)

T4
(FiO2: 21%)

T5
(FiO2: 55%)

T6
(FiO2: 100%)

T7
(FiO2: 21%)

T8
(FiO2: 21%)

TVD [mm/mm2] 38 ± 12 33 ± 10** 31 ± 8** 37 ± 12 33 ± 9* 30 ± 8* 29 ± 8** 32 ± 9* 37 ± 11

TVD [%] 100 ± 0 87 ± 9** 82 ± 12** 95 ± 7 86 ± 12* 80 ± 13** 78 ± 12** 85 ± 11** 97 ± 6

PVD [mm/mm2] 38 ± 11 33 ± 9** 30 ± 7** 36 ± 11 32 ± 8* 30 ± 7* 29 ± 7** 31 ± 8** 37 ± 11

PVD [%] 100 ± 0 88 ± 9** 80 ± 11** 94 ± 7 87 ± 12* 82 ± 13** 78 ± 11** 83 ± 8** 96 ± 6

PPV [%] 97 ± 5 96 ± 4 94 ± 4 96 ± 4 96 ± 5 97 ± 5 95 ± 6 94 ± 7 95 ± 7

Ø
bv

[μm] 4.1 ± 0.3 3.8 ± 0.5* 3.7 ± 0.6* 4.1 ± 0.7 4.0 ± 0.6 4.1 ± 0.5 4.1 ± 0.5 4.3 ± 0.5 4.2 ± 0.5

Ø
bv

[%] 100 ± 0 91 ± 5* 90 ± 9* 98 ± 12 97 ± 9 98 ± 6 99 ± 7 106 ± 11 102 ± 8

∆Ø
bv

[μm] 0 ± 0 0.35 ± 0.17* 0.40 ± 0.33* 0.05 ± 0.48 0.10 ± 0.37 0.05 ± 0.23 0.03 ± 0.27 -0.21 ± 0.45 -0.07 ± 0.32

MFI [AU] 3 ± 0 3 ± 0 3 ± 0 3 ± 0 3 ± 0 3 ± 0 3 ± 0 3 ± 0 3 ± 0

Ø
bv

 blood vessel diameter, AU arbitrary unit, BL baseline, FiO
2
 fraction of inspired oxygen, HB hyperbaric, 

NB normobaric, MFI microvascular flow index, μm micrometer, PPV proportion of perfused vessels, PVD 
perfused vessels density, TVD total vessel density 
**p<0.01 vs. T0, RM ANOVA
  *p<0.05 vs. T0, RM ANOVA

Figure 5. Multiparameter graph illustrating trends between blood vessel diameters (Øbv), normalized 
perfused vessel density (PVD), mean arterial pressure (MAP), and partial pressure of oxygen in arterial 
blood (paO2).
NB normobaric, HB hyperbaric

DISCUSSION

The main research objectives were to generate a model in which HBO
m

 of 

the sublingual microcirculation in response to hyperoxia under NB and HB 

conditions could be performed and to measure and describe these changes in 
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Table 4. Summary of microcirculation data (vessels with diameters (Ø) <25 μm). All parameters are 
presented in mean±SD. For blood vessel diameter change (∆Ø

bv
), the negative in front of the number 

indicates vasodilation, all other positive ∆Ø
bv

 data coincide with vasoconstriction.
To correct for anatomical variations between animals, datasets (TVD, PVD, and Ø

bv
) were also normalized 

with respect to baseline and are expressed as percentages [%]. 

NB HB NB

T0: BL
(FiO2: 21%)

T1
(FiO2: 55%)

T2
(FiO2: 100%)

T3
(FiO2: 21%)

T4
(FiO2: 21%)

T5
(FiO2: 55%)

T6
(FiO2: 100%)

T7
(FiO2: 21%)

T8
(FiO2: 21%)

TVD [mm/mm2] 38 ± 12 33 ± 10** 31 ± 8** 37 ± 12 33 ± 9* 30 ± 8* 29 ± 8** 32 ± 9* 37 ± 11

TVD [%] 100 ± 0 87 ± 9** 82 ± 12** 95 ± 7 86 ± 12* 80 ± 13** 78 ± 12** 85 ± 11** 97 ± 6

PVD [mm/mm2] 38 ± 11 33 ± 9** 30 ± 7** 36 ± 11 32 ± 8* 30 ± 7* 29 ± 7** 31 ± 8** 37 ± 11

PVD [%] 100 ± 0 88 ± 9** 80 ± 11** 94 ± 7 87 ± 12* 82 ± 13** 78 ± 11** 83 ± 8** 96 ± 6

PPV [%] 97 ± 5 96 ± 4 94 ± 4 96 ± 4 96 ± 5 97 ± 5 95 ± 6 94 ± 7 95 ± 7

Ø
bv

[μm] 4.1 ± 0.3 3.8 ± 0.5* 3.7 ± 0.6* 4.1 ± 0.7 4.0 ± 0.6 4.1 ± 0.5 4.1 ± 0.5 4.3 ± 0.5 4.2 ± 0.5

Ø
bv

[%] 100 ± 0 91 ± 5* 90 ± 9* 98 ± 12 97 ± 9 98 ± 6 99 ± 7 106 ± 11 102 ± 8

∆Ø
bv

[μm] 0 ± 0 0.35 ± 0.17* 0.40 ± 0.33* 0.05 ± 0.48 0.10 ± 0.37 0.05 ± 0.23 0.03 ± 0.27 -0.21 ± 0.45 -0.07 ± 0.32

MFI [AU] 3 ± 0 3 ± 0 3 ± 0 3 ± 0 3 ± 0 3 ± 0 3 ± 0 3 ± 0 3 ± 0

Ø
bv

 blood vessel diameter, AU arbitrary unit, BL baseline, FiO
2
 fraction of inspired oxygen, HB hyperbaric, 

NB normobaric, MFI microvascular flow index, μm micrometer, PPV proportion of perfused vessels, PVD 
perfused vessels density, TVD total vessel density 
**p<0.01 vs. T0, RM ANOVA
  *p<0.05 vs. T0, RM ANOVA

Figure 5. Multiparameter graph illustrating trends between blood vessel diameters (Øbv), normalized 
perfused vessel density (PVD), mean arterial pressure (MAP), and partial pressure of oxygen in arterial 
blood (paO2).
NB normobaric, HB hyperbaric

DISCUSSION

The main research objectives were to generate a model in which HBO
m

 of 

the sublingual microcirculation in response to hyperoxia under NB and HB 

conditions could be performed and to measure and describe these changes in 

microcirculatory parameters. The results indicate that NB/HB hyperoxia-driven 

changes elicit reversible physiological control of sublingual mucosa blood 

perfusion in healthy subjects. The results also suggest a loss of microcirculatory 

vascular response since Ø
bv

 was unaltered during HB conditions, indicating an 

adaptive and potentially beneficial effect associated with maintaining peak 

tissue perfusion states in the presence of stable cardiovascular function. 

Furthermore, the use of a clinical handheld optical spectroscopic-based 

imaging instrument proved feasible for HBO
m

 and the implementation of a 

continuous microcirculation monitoring strategy.

Adaptation of tissue perfusion to stimuli is an important compensatory 

mechanism for matching metabolic demands and maintaining safe tissue 

physiologic biochemical equilibrium. It is well known that arterial vascular tone 

is increased in the presence of elevated p
a
O

2
 levels.24,37,48 Vasoconstriction is an 

adverse event associated with hyperoxia37 as it is considered counterproductive 

for ameliorating poor blood perfusion in tissue distressed by hypoxia.21 In the 

present model NB hyperoxia elicited dose-dependent vasoconstriction with 

rising p
a
O

2
 levels as indicated by reduced Ø

bv
. Our observations on decreased 

vessel calibers and capillary density in the presence of elevated p
a
O

2
 corroborate 

findings reported in other animal models.44,48 Paralleled with altered sublingual 

perfusion, basic hemodynamics revealed a trend towards decreased HR 

(though not significant) with a transient rise in systolic blood pressure during 

NB hyperoxia. Transiently elevated systolic pressures have been recorded 

previously in studies based on other animal models,5 similarly observations 
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regarding elevated systolic pressure trends have also been reported during 

NB hyperoxia in healthy human volunteers.16 Vasoconstriction and reduced 

microvascular densities mobilize microcirculatory blood volume into systemic 

circulation and can explain the transient rise in systolic pressures. Although 

difficult to compare due to different measurement and analytical approaches, 

decreased PVD outcomes derived from sublingual mucosa using SDFI have 

also been reported in healthy human volunteers exposed to NB hyperoxia.33

Observations on the presence of scattered circulating microthrombi in the 

microcirculation during NB hyperoxia corroborate findings on coagulation and 

platelet events27,30,35 by others. Coagulation during hyperoxia may represent 

a host defense mechanism for antagonizing oxygen toxicity by limiting the 

dissemination of excessive oxygen in circulating blood. Although no systematic 

analysis of microthrombi and white blood cells in the microcirculation were 

systematically analyzed in this report, TVD and PVD rarefaction in response to 

NB hyperoxia may have been attributed to a combination of factors including 

vasoconstriction, activation of coagulation,27 and crawling leukocytes.22 The 

mechanisms underlying the effects of hyperoxia on regulating microvascular 

perfusion remain largely elusive and may be potentially different for each type of 

anatomical compartment or tissue. Anatomic inspection of parameters conveying 

both oxygen diffusion- (vascular density) and convection-based (blood flow and 

vessel diameter characteristics) data provide direct visual cues linking cellular 

with tissue compartmental interactions yielding potential diagnostic information 

on clinical relevance and therapeutic efficacy of oxygenation.

Previous HBO studies directed at peripheral vascular effects have reported 

vasoconstriction as a commonly occurring phenomenon from measurements 

obtained nonspecifically across whole cutaneous tissue >1 mm depth using 

LDF.36,44 In this regard subsurface microvascular regulation confined to the 

first 500 μm cannot be separately investigated by LDF to determine the 

precise nature of subepithelial microvascular perfusion dynamics. HBO
m

 were 

performed on human nailfold microcirculation using VC and revealed that 

blood perfusion remained continuous with escalating RBC flow velocities as 

barometric pressure increased from 1ATA to 3ATA in the presence of transient 

decreases in HR.50 Our sublingual MFI dataset is in line with these observations 

as continuous blood perfusion was recorded at all HB hyperoxia time points, 

despite the different anatomical locations. Both cutaneous nailfold tissue and 

the sublingual oral mucosa share common embryonic origins and histology 
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demonstrating translational similarities.3,51 In our model no microvascular 

vasoconstriction was observed during HB hyperoxia, this finding was surprising 

and controversial; we can only hypothesize that the absence of vasoconstriction 

may have been due to discordance in vascular regulatory signals and/or 

hemodynamic shear stresses in relation to the observed denser blood volume. 

Furthermore regarding microthrombi, recent investigations indicate engaging 

of platelet activation via thrombin and arachidonic acid pathways in patients30 

subjected to similar hyperbaric conditions as presented in this report. It is 

important to consider that the unseen microthrombi and activated leukocytes 

in the microcirculation may have been due to the overshadowing effects of 

vasodilation and dense blood volume described in the microcirculation during 

HB hyperoxia. For example, recall that the SDFI relies on hemoglobin in RBCs 

absorbing green light, this poses a technical challenge and makes discerning 

microthrombi from free RBCs in dense blood volume difficult and does not 

exclude their presence in the microcirculation under HB conditions. Under 

influence of HBO conditions the absence of vasoconstriction may be an 

advantageous mechanism enabling maximum tissue blood perfusion despite 

the contemplated presence of activated immune cells and/or circulating 
microthrombi; this is supported by the Øbv

 that remained near baseline values 

during the first three HB time points (T4, T5, and T6) and the small increase 

in vasodilation (though not significant) that was observed during HB normoxia 

(T7) and NB normoxia at the end of the experiments (T8).

Several considerations need to be addressed based on the present model. 

First, in pilot experiments we found that 10 min was sufficient time to enable 

transition towards oxygen acclimatization from normoxia to hyperoxia and back 

to normoxia (data not published). Second, the sequence of the experiments 

presented in the protocol was not randomized and the duration of anesthesia 

may have influenced the HB hyperoxia segment of the investigation. Third, 

the measured calcium levels were below the normal reference range. 

Vascular smooth muscle cell contractility is regulated by intracellular calcium 

concentrations that in turn set vascular tone and blood pressure. Interestingly 

though despite being low already at baseline, circulating calcium levels 

decreased (though not significant) during hyperoxia under both NB and HB 

conditions; these minute oscillations seem to indicate that calcium consumption 

may have been present during hyperoxia. We cannot explain why no direct 

vasoconstriction was measured during HB hyperoxia. We can only speculate that 
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the complex interactions associated with several factor (including anesthesia 

protocol) may have superseded the magnitude of the vasoconstrictive response 

opposing the expected observable effect during HB hyperoxia. Furthermore, it 

is difficult to explain why the measured calcium levels were low in comparison 

to the reference values; two possible explanations are that the diet from 

domesticated animals may have been more varied and different compared to 

the standardized diet associated with controlled experiments and there may 

be calibration discrepancies between different blood gas instruments used by 

other studies. Fourth, hyperglycemia is commonly observed when anesthetic 

and sedative agents such as dexmedetomidine and/or midazolam11,52 are 

used; this is true for both human and animal models and was also measured 

across all time points. Vasoconstriction may not have been directly attributed 

to hyperglycemia during NB hyperoxia as no vasoconstriction response was 

observed despite decreased TCD/PVD during HB hyperoxia. Interestingly in vitro 

research on glucose incubated rabbit aortic rings showed that raised glucose 

levels contributed directly to endothelium-derived increased synthesis of 

vasoconstrictor prostanoids;45 however this finding may not directly apply to 

microcirculatory vascular responses. Although difficult to explain based on our 

observations and the available literature, one may speculate that the effects 

of HBO on activation of leukocytes, microthrombi, hematology, and altered 

hemorheological properties may have contributed to the decreases in TVD/

PVD during the HB segment of our experiments. Rabbits have an unpredictable 

tendency of displaying oscillations in hematological values, which is why it 

may be possible that some hematological components may have contributed 

towards denser blood volume and failed vasoconstriction registrations in the 

microcirculation during hyperbaria. Increases in RBC deformability and mean cell 

volume under HBO conditions have been reported.1 From the present animal 

model it is difficult to pin an exact explanation on a vasoregulatory mechanism 

that would equally satisfy both NB and HB hyperoxic scenarios. Given the 

complex interplay of multiple factors, it appears that final blood vessel caliber 

settings may be the result of many influences. Furthermore, the hemodynamic 

effects associated with NB/HB hyperoxia observed in the present model are in 

line with reviewed reports on HR and blood pressure.40 Interestingly the levels 

of p
a
O

2
 during HB hyperoxia did not reach >600 mmHg, it is possible that the 

effects of hyperoxia may have induced pulmonary vascular paralysis17 and as a 

consequence resulted in lowered tensions in blood gas values.
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The MicroScan has a long history of application in the oral compartment, 

and in particular the sublingual region since non-keratinized epithelium is 

thin and facilitates observations of branching microvasculature networks 

that regulate nutritive blood perfusion to the mucosa. Serving as a clinical 

model for investigating central microhemodynamics and cardiovascular 

system, the sublingual area is an easily accessible ROI in which normothermic 

conditions are isolated from environmental stimuli. Clinical literature on 

sublingual microcirculation describes research designs that have solely been 

based on intermittent measurements on different sublingual sites resulting 

in irreproducible data as measurements of different branched microvascular 

networks make it very difficult to draw sound scientific conclusions on 

interventional courses. It is difficult to extrapolate the data reported in this 

study with other experimental and clinical researches using the MicroScan 

due to large variations in research methodology and limited investigations 

designed around a continuous monitoring scenario capturing the dynamics 

of one and same vascular network. For example, recently Orbegozo Cortés 

et al. 33
,
 using SDFI, reported similar microcirculatory observations during 

NB hyperoxia in a cohort of healthy volunteers, though their intermittent 

measurements and analytical method differ from our approach, they report 

approximately 36% reduction in PVD versus our continuous measurement 

approach with 16% reduction in PVD. Since our investigation consisted of two 

separate experimental procedures it is interesting to consider the reproducibility 

achieved in PVD magnitudes. To date only four studies have reported data 

on continuous-based monitoring in one and the same ROI to intercept both 

the onset of tissue perfusion changes and the clinical relevance of these 

observations.4,12,29,49 Continuous monitoring with sequential measurements 

provide strong evidence of changes in microcirculation parameters from 

specific tissue microvascular networks that could translate in the near future to 

identify a host’s state of health and their ability to elicit a physiological response 

associated with oxygen and/or other interventional strategies. Continuous 

measurement approaches favor reproducibility in data acquisitions, however 

careful experimental design and planning is required to obtain viable data for 

translational interpretations linking patient response with predicting and/or 

achieving a desired therapeutic outcome. Ultimately the aim of oxygen therapy 

is to maximize oxygen supplementation to sustain tissue aerobic metabolism. 

To our knowledge no investigation has as yet advanced knowledge towards 

sublingual microcirculatory assessments during HBO conditions.
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Administering supplementary oxygen in the form of either NB hyperoxia or 

HBOT is used with an intention to treat conditions in which hypoxia, infection, 

and/or poor tissue vasculature are central to an underlying pathology. Despite 

mechanical and pharmacological strategies for stabilizing metabolism and 

resetting tissue regulatory mechanisms in treatment-refractory pathologies, 

oxygen therapy is not without consequences and should be administered with 

caution. Under- or over-treating with oxygen is risky particularly because no 

consensus exists indicating the exact adequate clinical levels for achieving 

medically beneficial results. Nonetheless, supplementary oxygen is routinely 

administered in patients with adequate oxygen saturation levels with the belief 

that it will improve oxygen delivery in patients with distressed tissues afflicted 

by ischemic insults. In view of the clinical relevance of the present research 

model, bedside microvascular perfusion assessments have identified the oral 

microcirculation in recent years as an important prognostic ROI for clinical and 

translational monitoring of both disease pathophysiology and the course of 

therapeutic response.

Conclusions
We report for the first time the application of SDFI inside a multiplace 

HB chamber for continuous monitoring and measurement of sublingual 

mucosa microcirculation. The present research model demonstrated the 

feasibility of performing intrabarochamber microcirculation data acquisitions 

simultaneously for local and systemically derived parameters under influence 

of changing barometric and hyperoxic conditions. Within the scope of the 

experiments presented in this report, the effects of NB and HB hyperoxia 

on microcirculation parameters in healthy subjects indicate reversibility in 

microvascular perfusion in the presence of steady cardiovascular function. To 

assess whether these observations hold true for other tissues and/or other 

pathophysiological conditions further investigation is warranted.
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ABSTRACT

Background: Hyperbaric oxygen therapy (HBOT) is thought to promote 

vascular regeneration in wounds. The aim of this study was to investigate 

the role of HBOT in advancing vascular regeneration in healing oral 

mucosal surgical flaps.

Materials and methods: A palatine partial-thickness mucosal flap was 

raised in 10 male specific-pathogen free New Zealand White rabbits. 

Randomized into two groups of 5 animals each (control and HBOT), 

functional capillary density was measured preoperatively (baseline), 

immediately postoperatively until day 21 using sidestream dark-field 

video microscopy. Ten HBOT sessions were administered over the course 

of 2 weeks at 2.5 atmospheres (2.5 bar O2
/90 min).

Results: Repeated measures ANOVA was used to compare the HBOT 

and control group on the sequential functional capillary density 

measurements. A significant interaction effect was present between 

time and group, F (8, 64) = 9.60, p < 0.0001, resulting from a significant 

increase in microcirculation in the HBOT group relative to the control 

group on days 7, 9, and 11.

Conclusion: Our results suggest that HBOT is capable of advancing 

wound vascular regeneration in healing keratinized oral mucosal flaps.
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INTRODUCTION

Chronic wounds are common and persistent health problems with significant 

economic burden and impact on patient quality of life.12 Most chronic wounds 

emerge as a consequence of arterial, venous and microvascular diseases, 

linked to diabetes, sustained pressure (decubitus), and therapeutic irradiation 

for malignant tumors. Poor blood supply and low oxygen tension (pO
2
) due 

to decreased vascularity produce chronic hypoxia, a condition that is clinically 

difficult to control and may compel a wound to succumb to infection, which in 

turn could result in tissue necrosis and sepsis.18,21,24,25 Hyperbaric oxygen (HBO) 

is thought to promote angiogenesis by restoring oxygen tensions in the injured 

tissues and thereby establish proper oxygen delivery necessary for repair and 

regeneration.8,19,22 Although HBO is used as an adjunct to conventional medical 

treatments for management of chronic wounds, the validity of hyperbaric 

oxygen therapy (HBOT) for clinical use remains controversial. One of the 

indications for HBOT is for the treatment of osteoradionecrosis (ORN) of the 

jaw in head and neck oncology patients who undergo postirradiation tooth 

extractions. Evidence-based studies show that the incidence of ORN is 2-18% 

in patients who receive tooth extractions after radiotherapy.17 Interestingly, 

despite improving a variety of conditions that otherwise fail with conventional 

therapeutic approaches, the mechanisms of action associated with the 

benefits obtained using HBOT in preventing and/or treating ORN remain largely 

unknown.6 

Research directed at evaluating wound healing responses to HBOT have 

generated numerous studies that investigated tissue vitality by assessing 

wound blood perfusion status using laser Doppler flowmetry (LDF), laser 

Doppler imaging (LDI), and intravital microscopy (IVM).11,20,22,28,29 Interestingly, 

even with many studies using well recognized and accepted diagnostic 

instruments, most techniques are only able to quantify a particular parameter 

(e.g. circulatory flux or blood flow) and are unable to provide information on 

vascular morphology and angioarchitecture. To this end, we used sidestream 

dark-field (SDF) imaging, a commercially available handheld video microscopy 

system that enabled direct noninvasive observations and quantifications 

of tissue subsurface microcirculation.10 Embodied into a portable handheld 

device, SDF imaging provides a way of quantifying functional anatomic changes 

in vivo without the use of contrast enhancement agents and destructive 
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tissue preparations for targeted tissue investigations under different (patho-) 

physiological conditions.27 SDF imaging has been used in various medical fields 

for investigations into tissue perfusion abnormalities in critically ill patients 

associated with sepsis, septic shock and cardiac surgery.2,3 Recently, SDF imaging 

has been used for investigating the dynamics of wound vascular regeneration 

under both normal and pharmacological conditions.14,15

The purpose of this study was to investigate the role of HBOT in promoting 

vascular regeneration in healing oral mucosal surgical flaps. Functional capillary 

density (FCD), a diffusion-related parameter derived from direct anatomical 

examination of blood perfused capillaries, was used to objectively quantify 

the temporal course of mucosal flap vascularization under normal and HBOT 

conditions using SDF imaging. 

MATERIALS AND METHODS

The protocols and study guidelines for this investigation were reviewed and 

approved by the institutional Animal Experimentation Committee of the 

Academic Medical Center of the University of Amsterdam. Animal care and use 

was performed in accordance with the guidelines of the Dutch Committee of 

Animal Experiments.

Animals
Ten male specific-pathogen free New Zealand White rabbits (Charles River 

Laboratories France, L’Arbresle Cedex, France) with a mean body weight of 

3.3±0.1 kg were randomly allocated into two groups of 5: control and HBOT. 

Before initiating the study, all animals were permitted 1 week to adapt to their 

new environments and were housed individually in large conventional cages 

in a light-controlled room (12 hours light: 12 hours dark) kept at 22±1ºC with 

a relative humidity of 55±10% and received standard food pellets and water 

for consumption ad libitum. Animals designated to receive HBOT were trained 

simultaneously during their 1-week acclimatization to get accustomed to their 

individual HBOT compartment. Animals were accommodated in their own 

compartment daily for 90 minutes at the same time of day.

All animals received a mixture of ketamine (Nimatek, Eurovet Animal 

Health BV, Bladel, The Netherlands; 15 mg/kg) and dexmedetomidine 

(Dexdomitor, Pfizer Animal Health BV, Capelle aan den IJssel, The Netherlands; 
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0.2 mg/kg), injected subcutaneously, to achieve sedation and anesthesia for 

blood sampling, wound preparation, and microcirculation measurements. 

After induction of anesthesia, baseline and consecutive whole blood counts 

were determined from 1 mL of blood obtained at each time point from the 

central auricular artery.  After performing baseline and serial microvascular 

imaging on the designated wound flap region of interest (ROI), anesthesia was 

antagonized with atipamezole (Antisedan®, Pfizer Animal Health BV, Capelle 

aan den IJssel, The Netherlands; 1 mg/kg SC). All animals were subjected to 

the same experimental procedures; weighing, anesthesia, blood sampling, 

baseline capillary density measurements, surgical preparation of palatine 

flap wound (only on the first day), immediate postoperative and prospective 

flap FCD assessments followed by reversal of anesthesia, and exposed in two 

separate groups for two weeks to either normobaric/normoxic conditions 

(control) or HBOT.

Surgical wound preparation
After performing preoperative (baseline) capillary density measurements, 

a split-thickness flap in the anterior hard palatine mucosa was raised in all 

animals; details describing the wound model and surgical procedure have been 

described elsewhere.14 Briefly, just posterior to the maxillary auxiliary incisors 

or “peg teeth”, a partial-thickness mucosal flap was prepared by creating 

a transverse incision, 1 mm thick, along the length of the caudal side of the 

fourth plical ridge with two lateral releasing incisions. The mucosal flap was 

raised, suspended for 30 min, rinsed intermittently with warm 37±1ºC sterile 

0.9% NaCl (saline) solution, repositioned, and subsequently closed primarily 

with 6-0 Ethilon monofilament non-resorbable sutures (Ethicon, Johnson & 

Johnson, Langhorne, Pennsylvania, USA) placed 1 mm medially from the left 

and the right flap corners. One week after wound preparation the sutures were 

removed. The same investigator (RH) performed all surgical procedures.

Hyperbaric oxygen therapy protocol
For two consecutive weeks, during weekdays (i.e. 10 days total) after the 

last clinical HBOT session in the evenings, the animals designated to receive 

a medical grade protocol for HBOT were transported to the Department of 

Hyperbaric Medicine. A specially designed stainless steel transport pushcart-

container built with adjustable compartments to accommodate at least 6 

rabbit-sized animals was constructed. Equipped with both oxygen in- and 
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outflow nozzle connections to evenly dissipate oxygen in the entire pushcart-

container, each of the 6 individual compartments could effectively contain 

100% oxygen and were completely isolated once the installation of a 1 cm-

thick poly(methyl methacrylate) (PMMA) or acrylic glass cover was lowered 

and fitted on the top of the entire pushcart-container. A photograph of the 

transport pushcart-container, compartment oxygenations test using a 

compact air oxygen-measuring device (GOX 100, Geisinger Electronic GmbH, 

Regenstauf, Germany), and use of the pushcart-container during a running 

experiment is illustrated in Figure 1. 

Figure 1. A custom-built transport pushcart-container with its oxygen inflow and outflow tube 
connections stationed in the hyperbaric tank (Panel A). To test if each compartment was able to properly 
contain 100% oxygen, a compact air oxygen measuring instrument was used (Panel B); the oxygen 
meter registered 94.8% oxygen in the posterior compartments (i.e. most distal from oxygen inflow 
source) after 10 minutes of switching on the oxygen inflow. A photograph illustrating an actual 
experimental procedure during HBOT is presented in Panel C. 

Preparation for the HBOT experimental procedure was initiated everyday at 

11:00 in the morning by withdrawing of food and drink from each animal at their 

normal housing establishment until the start of the HBOT protocol onsite. This 

was intended to produce an urge to drink as a response from mild dehydration 

in order to stimulate deglutition for equalization of pressure in all animals 

during the pressurization phase of the diving protocol. Control animals were 

treated according to the same procedures, but did not undergo HBOT. Upon 

arrival at the hyperbaric tank site, the pushcart-container was rolled carefully 

into the tank and positioned directly under a ceiling-rack from which oxygen 

supply was obtained. 

Fifteen minutes prior to commencing the hyperbaric diving protocol, solid 

food and drinking gel was provided to each animal and saturation of 100% 

oxygen in all compartments was initiated. An investigator was present in the 

hyperbaric tank during every experiment to monitor the animals during the 

HBOT procedure. Three in-tank investigators (RH, DMJM, and SH) were required 
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to conform to a diving medical examination and credited with good health and 

physical condition in order to participate in the hyperbaric tank experiments. A 

diagram summarizing the HBOT protocol is illustrated in Figure 2.

Figure 2. Hyperbaric tank dive plan illustrating the HBOT protocol.

FiO
2
: fraction of inspired oxygen, msw: meters of salt water

Microvascular imaging
Palatine microcirculatory measurements of FCD were obtained using SDF imaging 

(MicroScan Video Microscope System, MicroVision Medical, Amsterdam, The 

Netherlands); details about the technique have been described elsewhere.7,16 

Briefly, the SDF technique is built into a commercially available handheld video 

microscopy instrument that operates by epiilluminating the surface of the ROI 

with six concentrically arranged light-emitting diodes (LEDs) placed around 

the exterior tip of the imaging probe light guide. The LEDs emit green light 

at a 530 nm wavelength, which is scattered into the tissue and absorbed by 

hemoglobin in the circulating erythrocytes. The absorbed light, reflected by the 

erythrocytes, produces clear images of dark intraluminal circulating globules 

contrasted by a light background. All microcirculation imaging was recorded 

using a 5x objective lens system (equal to 380x onscreen magnification), which 

was captured by a CCD video camera with a 720x576 pixel resolution, producing 

a 1.0x0.75 mm2 imaged tissue segment. All measurements were recorded for 

2 minutes, stored on DVI tapes on a Sony DSR-11 DVCAM™ recorder (Sony, 

Shinagawa-ku, Tokyo, Japan), and viewed on a 19-inch Samsung SyncMaster 

932mv LCD monitor (Samsung, Seoul, South Korea) with a 1440x900-screen 

resolution.
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SDF measurements
All microcirculatory measurements were performed by the same investigator (RH) 

in the same room kept at a constant temperature of 22±1ºC; data was obtained 

from all animals preoperatively (baseline), directly postoperatively and on days 

2, 4, 7, 9, 11, 14, and 21. As the HBOT lasted until day 11, the last SDF measurement 

was carried out 10 days after the final tank session. After anesthetizing and 

withdrawing 1 mL of blood, the animals were placed on their back and a short (1 

cm) cotton dental roll was wedged between the right first and second mandible 

and maxillary premolars to keep the jaws in an open configuration on an operating 

table. Using a small piece of sterile gauze, the tongue was rolled towards the back 

of the oral cavity to create free access to the palatine wound flap for positioning 

of the SDF imaging probe. The ROI was subsequently moistened with a drop of 

warm (37ºC) sterile 0.9% NaCl (saline) solution to enable proper contact between 

the probe lens and the mucosal surface. 

FCD measurements were performed by gently positioning the lens of 

the imaging probe, covered with a sterile disposable cap (MicroScan Lens, 

MicroVision Medical, Amsterdam, The Netherlands), perpendicularly over the 

palatine mucosal surface on the area between the 2 sutures. Without applying 

pressure and gently gliding the imaging probe at a 1 mm distance from the 

edge of the flap posterior border, a 2-min video recording of 5 adjacent sites 

in the length of the wound surface was obtained. A minimum of 10 seconds of 

stable image acquisition, with proper brightness and contrast adjustments, was 

recorded at each time point. To ensure no pressure artifacts were present during 

image acquisition, the SDF probe objective was briefly withdrawn and then 

advanced between image recordings on each of the 5 adjacent sites in the ROI.

Vessel enumeration
All microcirculatory data stored on DVI tapes were digitalized into AVI files for 

offline analysis with Adobe Premier Pro 1.5 (Adobe Systems Incorporated, San 

Jose, California, USA); image analysis was performed by isolating one image 

frame per adjacent site from each 2-min recording from all time points (45 

in total). The selection criteria for isolation of individual image frames for 

analysis was based on image resolution, clarity, and elimination of pressure 

induced artifacts as described previously in a consensus meeting on evaluating 

microcirculation data for analysis.1 All microcirculation data were analyzed at 

random by the same investigator (RH).
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Assessment of FCD was performed by counting the total number of capillary 

loops per visual field (area of 0.75 mm2) on a 19-inch Samsung SyncMaster 

932mv LCD monitor (Samsung, Seoul, South Korea) with a 1440x900-screen 

resolution. The mean FCD obtained from the 5 isolated image frames, 

expressed as the number of capillaries per millimeter squared (cpll/mm2), was 

used to quantify the course of vascular regeneration at each time point. By 

calculating the mean from the 5 sampled video frames we averaged FCD to 

represent the overall wound area.

Statistical analysis
Sample size was based on a previously reported intraoral wound healing model 

with repeated (functional) capillary density measurements.14 Normal distribution 

of all microcirculation and supportive data was confirmed with the D’Agostino 

and Pearson omnibus normality test. All parameters (FCD, body weight, and 

whole blood counts) were analyzed separately. Repeated measures two-way 

analysis of variance (ANOVA) was used to detect overall time effects and time 

by group effects. Significant main effects were subsequently analyzed using 

paired-samples t-test (within group over time) and independent-samples 

t-tests (between groups) with Bonferroni correction. To adjust for innate 

microcirculatory biological variations, all microvascular measurements were 

standardized for ease in data interpretation; mean FCD measurements were 

normalized with respect to baseline and converted into percentages. A p-value 

less than 0.05 was considered statistically significant; all data are presented in 

mean ± SD. Data analyses was performed with GraphPad Prism version 5.0 for 

Windows (GraphPad Software Inc., La Jolla, California, USA).

RESULTS

In both study groups, postoperative flap recovery was uneventful with no 

signs of wound dehiscence or infection. The wound model and experimental 

procedures were well tolerated by all subjects and health did not decline at 

the cost of malnutrition or dehydration as indicated by the significant increase 

in body weight by day 21 (p<0.05 vs. baseline; paired-samples t-test) in both 

groups. There were no significant differences in body weight between the two 

groups and no significant differences in whole blood counts were detected 

within or between the two groups. A summary of all body weight and whole 

blood count data is presented in Table 1.
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Table 1. Summary of body weight and whole blood counts for both animal groups at each time point. All 
data are presented in means ± SD.

BL: Day 0 Day 2 Day 4 Day 7 Day 9 Day 11 Day 14 Day 21
Mass [kg] CON 3.21 ± 0.14 3.21 ± 0.12 3.21 ± 0.12 3.21 ± 0.12 3.20 ± 0.12 3.23 ± 0.12 3.30 ± 0.13 3.40 ± 0.14*

HBOT 3.29 ± 0.07 3.23 ± 0.10 3.23 ± 0.12 3.22 ± 0.19 3.24 ± 0.21 3.27 ± 0.21 3.33 ± 0.20 3.49 ± 0.25*

Hb [mmol/L] CON 7.7 ± 0.3 7.2 ± 0.3 7.3 ± 0.1 7.5 ± 0.2 7.5 ± 0.3 7.6 ± 0.2 7.7 ± 0.1 7.8 ± 0.2

HBOT 7.8 ± 0.1 7.7 ± 0.3 7.6 ± 0.2 7.6 ± 0.2 7.6 ± 0.2 7.6 ± 0.2 7.5 ± 0.1 7.6 ± 0.2

RBC [× 1012/L] CON 5.77 ± 0.33 5.28 ± 0.20 5.34 ± 0.11 5.46 ± 0.20 5.50 ± 0.12 5.58 ± 0.07 5.64 ± 0.11 5.72 ± 0.15

HBOT 5.66 ± 0.17 5.58 ± 0.31 5.52 ± 0.21 5.49 ± 0.22 5.43 ± 0.26 5.43 ± 0.25 5.44 ± 0.19 5.41 ± 0.18

WBC [× 109/L] CON 6.32 ± 0.77 6.92 ± 1.18 6.62 ± 0.65 5.90 ± 0.78 5.16 ± 0.75 6.40 ± 0.82 6.08 ± 0.85 6.11 ± 0.70

HBOT 7.48 ± 1.61 7.28 ± 0.94 7.12 ± 1.43 7.04 ± 1.26 6.86 ± 1.06 6.91 ± 0.82 6.95 ± 0.82 7.45 ± 1.62

PLT [× 109/L] CON 222 ± 40 264 ± 37 261 ± 20 289 ± 64 269 ± 78 224 ± 38 222 ± 36 260 ± 61

HBOT 248 ± 12 286 ± 30 306 ± 48 304 ± 48 308 ± 33 284 ± 13 292 ± 57 259 ± 30

BL: baseline; CON: control; HBOT: hyperbaric oxygen therapy; Hb: hemoglobin; RBC: red blood cells; 
WBC: white blood cells; PLT: platelets
* p<0.05 vs. BL; paired samples t-test

Response to HBO procedure
The pushcart-container was designed to accommodate a flat PMMA panel or 

acrylic glass cover that enabled direct observation and monitoring of all (awake) 

animals for signs of distress or discomfort during hyperbaric procedures. 

Despite some ambient noise produced by the oxygen flow into the pushcart-

container and pressure changes, all hyperbaric tank sessions were uneventful 

with no animal showing any signs of alarming behavior or pain. The animals 

appeared more curious than distressed and showed overall a good response 

to all procedures.

Table 2. Summary of normalized mucosal flap functional capillary density measurements for each time 
point in each animal group. All data are presented in means ± SD.

BL: Day 0 Postop Day 2 Day 4 Day 7 Day 9 Day 11 Day 14 Day 21
CON [%] 100 ± 0 34 ± 2* 60 ± 8* 71 ± 9* 80 ± 10* 86 ± 7* 93 ± 7 98 ± 6 103 ± 3

HBOT [%] 100 ± 0 24 ± 4* 61 ± 9* 75 ± 8* 93 ± 8† 103 ± 5 107 ± 5 109 ± 5† 109 ± 7†

BL: baseline; CON: control; HBOT: hyperbaric oxygen therapy
* p<0.001 vs. BL; paired samples t-test, † p<0.05 vs. BL; paired samples t-test
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Table 1. Summary of body weight and whole blood counts for both animal groups at each time point. All 
data are presented in means ± SD.

BL: Day 0 Day 2 Day 4 Day 7 Day 9 Day 11 Day 14 Day 21
Mass [kg] CON 3.21 ± 0.14 3.21 ± 0.12 3.21 ± 0.12 3.21 ± 0.12 3.20 ± 0.12 3.23 ± 0.12 3.30 ± 0.13 3.40 ± 0.14*

HBOT 3.29 ± 0.07 3.23 ± 0.10 3.23 ± 0.12 3.22 ± 0.19 3.24 ± 0.21 3.27 ± 0.21 3.33 ± 0.20 3.49 ± 0.25*

Hb [mmol/L] CON 7.7 ± 0.3 7.2 ± 0.3 7.3 ± 0.1 7.5 ± 0.2 7.5 ± 0.3 7.6 ± 0.2 7.7 ± 0.1 7.8 ± 0.2

HBOT 7.8 ± 0.1 7.7 ± 0.3 7.6 ± 0.2 7.6 ± 0.2 7.6 ± 0.2 7.6 ± 0.2 7.5 ± 0.1 7.6 ± 0.2

RBC [× 1012/L] CON 5.77 ± 0.33 5.28 ± 0.20 5.34 ± 0.11 5.46 ± 0.20 5.50 ± 0.12 5.58 ± 0.07 5.64 ± 0.11 5.72 ± 0.15

HBOT 5.66 ± 0.17 5.58 ± 0.31 5.52 ± 0.21 5.49 ± 0.22 5.43 ± 0.26 5.43 ± 0.25 5.44 ± 0.19 5.41 ± 0.18

WBC [× 109/L] CON 6.32 ± 0.77 6.92 ± 1.18 6.62 ± 0.65 5.90 ± 0.78 5.16 ± 0.75 6.40 ± 0.82 6.08 ± 0.85 6.11 ± 0.70

HBOT 7.48 ± 1.61 7.28 ± 0.94 7.12 ± 1.43 7.04 ± 1.26 6.86 ± 1.06 6.91 ± 0.82 6.95 ± 0.82 7.45 ± 1.62

PLT [× 109/L] CON 222 ± 40 264 ± 37 261 ± 20 289 ± 64 269 ± 78 224 ± 38 222 ± 36 260 ± 61

HBOT 248 ± 12 286 ± 30 306 ± 48 304 ± 48 308 ± 33 284 ± 13 292 ± 57 259 ± 30

BL: baseline; CON: control; HBOT: hyperbaric oxygen therapy; Hb: hemoglobin; RBC: red blood cells; 
WBC: white blood cells; PLT: platelets
* p<0.05 vs. BL; paired samples t-test

Response to HBO procedure
The pushcart-container was designed to accommodate a flat PMMA panel or 

acrylic glass cover that enabled direct observation and monitoring of all (awake) 

animals for signs of distress or discomfort during hyperbaric procedures. 

Despite some ambient noise produced by the oxygen flow into the pushcart-

container and pressure changes, all hyperbaric tank sessions were uneventful 

with no animal showing any signs of alarming behavior or pain. The animals 

appeared more curious than distressed and showed overall a good response 

to all procedures.

Table 2. Summary of normalized mucosal flap functional capillary density measurements for each time 
point in each animal group. All data are presented in means ± SD.

BL: Day 0 Postop Day 2 Day 4 Day 7 Day 9 Day 11 Day 14 Day 21
CON [%] 100 ± 0 34 ± 2* 60 ± 8* 71 ± 9* 80 ± 10* 86 ± 7* 93 ± 7 98 ± 6 103 ± 3

HBOT [%] 100 ± 0 24 ± 4* 61 ± 9* 75 ± 8* 93 ± 8† 103 ± 5 107 ± 5 109 ± 5† 109 ± 7†

BL: baseline; CON: control; HBOT: hyperbaric oxygen therapy
* p<0.001 vs. BL; paired samples t-test, † p<0.05 vs. BL; paired samples t-test

Wound capillary regeneration
Preoperative (baseline) mean FCD for both groups was 79±4 cpll/mm2 and 23±6 

cpll/mm2 directly following wound preparation (p<0.0001; unpaired t-test), 

no significant difference in baseline or direct postoperative measurements 

between the two groups was found. Microcirculation data analyses comparing 

normalized FCD within each group over time are presented in Table 2. In the 

control group, statistically significant differences in mean FCD were found 

between baseline and immediately postoperative, days 2, 4, 7, and 9 (p<0.0001; 

repeated measures ANOVA). Similarly, in the HBOT group, significant differences 

in mean FCD were found between baseline and immediately postoperative, 

days 2, 4, 14, and 21 (p<0.0001; repeated measures ANOVA). FCD returned to 

baseline values in the control and HBOT groups by day 11 and day 7 respectively. 

Interestingly, in the HBOT group, a significant overshoot in FCD was observed 

beyond baseline values on days 14 and 21 (p<0.05; paired samples t-test). Figure 

3 presents a series of typical SDF microcirculation image frames obtained from 

different time points for both groups, illustrating the progress of FCD.
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Figure 3. A series of typical SDF microcirculation image frames obtained from both groups; two frames 
representing baseline and postoperative measurements (day 0) are presented followed by a series of 
frames illustrating the progress of FCD on days 7, 9, 11, and 21 respectively.
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Comparison of all normalized microvascular measurements revealed 

a significant interaction effect between time and group (F (8, 64) = 9.60, p < 

0.0001) resulting from a significant increase in microcirculation in the HBOT 

group relative to the control group on days 7, 9 and 11 [Fig. 4]. 

Figure 4. Comparison of normalized functional capillary density (FCD) measurements between groups 
(independent-samples t-test). FCD measurements were performed preoperatively (baseline), 
immediately postoperatively, and subsequently on postoperative days 2, 4, 7, 9, 11, 14, and 21. All data 
are presented as mean ± SD.

DISCUSSION

The purpose of the present study was to investigate vascular regeneration 

dynamics in healing oral mucosal surgical flaps under the influence of HBOT. 

Our results suggest that HBOT is capable of yielding a response in wound 

vascular regeneration dynamics, as indicated by elevated FCD (relative to 

control). Equally important, our results also demonstrate that continuous 

microvascular measurements, used as an objective parameter to qualitatively 

evaluate wound status, can be utilized to quantify the progress of vascular 

regeneration following HBO-mediated healing in keratinized oral mucosal 

flaps. 

Wound vascular regeneration and adequate oxygenation are essential 

for establishing a stable wound microenvironment to support tissue repair 

and restoration of anatomical function. Previous studies have confirmed a 

beneficial effect of HBOT on perfusion or neovascularization in chronic and 

non-chronic wounds.8,11,13,20,22,29,30 In an experimental study Hopf et al. graded 

neovascularization subcutaneously in mice by histological assessment after 

HBOT and found a greater and dose-dependent angiogenic response in a 

hyperbaric group compared to controls.8 This is supported by data of Zhao et 
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al. obtained from an ischemic ear model in rabbits that showed an increase in 

blood vessel count associated with HBO compared to ischemic controls.30 In an 

irradiated rabbit model Marx et al. determined an eight- to ninefold increased 

vascular density after HBOT by histological analysis.13 Analogous to increasing 

anatomical components, Sheikh et al. reported restored tissue functionality for 

the first time by demonstrating elevated wound bed perfusion after HBOT on 

full-thickness dermal wounds in mice.22 Interestingly, Sheikh and co-workers 

reported a significant increase in perfusion in their HBO group on day 10, three 

days after the very last hyperbaric session on day 7. Although, the present 

study used a different wound model, our results demonstrate a similar trend 

in wound blood circulation restoration indicated by augmented expression 

in tissue vascularity between days 7, 9, and 11 in the HBOT group. In another 

study using LDF, it was reported that acute HBOT on ischemic rat skin flaps 

improves perfusion by stimulating the microcirculation.29 Subsequent HBOT 

investigations later demonstrated elevated blood perfusion in healing tissue 

of a mandibular bone defect in rats and acceleration of neovascularization 

in impaired wound models using IVM in mice.11,20 However, despite positive 

results using HBOT to improve tissue vascularization and microperfusion, 

contradicting results associated with HBO still persist. One example of such 

contradictory results was reported in a study using LDI, in which no significant 

improvement in blood flow patterns between HBO group and controls was 

found.28 However, there is very little experimental evidence regarding wound 

microperfusion restoration after injuries. Although previous dermal perfusion 

studies were performed using LDI and LDF, observations of microcirculatory 

angioarchitecture and hemodynamics has as yet not been observed in vivo 

after HBOT. Moreover, laser Doppler techniques though useful in detecting 

the absence or presence of blood flow, the data obtained using LDF or LDI 

cannot be attributed to specific microvascular networks nor can they reveal 

angioarchitecture or angiomorphology.

As HBO increases the amount of oxygen dissolved in blood plasma (pO2
), 

higher oxygen tensions can be obtained in injured tissues and in ischemic 

wounds.26 When a higher pO
2
 is measured in tissue adjacent to an ischemic 

wound, an accelerated wound healing was observed.4,23 In vitro HBO 

experiments have been shown to accelerate enzymatic processes that among 

others improve cellular response and proliferation.24 New fibroblasts in a wound 

require sufficient oxygen for sequential synthesis and maturation of collagen 

to support blood vessel proliferation.9,18
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Differences in diving times, depth, and frequency of HBOT make it difficult 

to compare studies, since a higher dose of oxygen and tissue pO
2
 determines 

the degree of angiogenic potency and wound healing.4,8,23 Determining wound 

oximetry might give a good prediction for wound healing.4,23 With this in mind, it 

would be advantageous to combine wound oximetry with SDF-measurements 

in the future. Higher oxygen tension in wounds might be correlated with a 

particular percentage in FCD expression, this might aid in predicting in which 

wounds HBOT is most beneficial, creating a clear indication for HBO treatment. 

It is interesting to point out that stress may have a negative influence in animal 

wounds by diverting oxygen supply from a wound region to accommodate 

other physiological needs.5 Following the findings of Gajendrareddy et al., best 

efforts were practiced in order to decrease stress to a very minimum to provide 

the best possible environment for our animal groups. Transportation to the 

hyperbaric tank, oxygen gas inflow, and other miscellaneous noises were kept 

at an absolute minimum to evade anxiety in the animals; no alarming behavior 

or distress was observed in any of the animals.

In routine practice, patients who are at risk of developing ORN are treated 

preventively, both pre- and postoperatively with HBOT. However, despite these 

preventive practices, no direct evidence-based consensus currently exists that 

specifies in which patients HBOT is truly indicated; such a consensus could 

strategically alleviate patients from being subjected to expensive and lengthy 

therapeutic sessions that are unsubstantiated by a lack of both consistent 

and convincing data that clearly defines predictable outcomes. Our results 

indicate that vascular regeneration can be accelerated by HBO; however, care 

should be taken when trying to extrapolate data from the present study to 

other anatomical tissues. Although keratinized epithelial tissues such as in the 

oral mucosa and the skin share similar histological constructions and follow 

similar wound healing patterns, both tissues may respond differently to HBOT 

regimens.

In conclusion, the present study introduces for the first time quantification 

of postoperative microcirculatory regeneration with SDF imaging in keratinized 

oral mucosal surgical flaps treated with HBOT. Our results, characterized by a rise 

in FCD, appears to share a similar trend with findings from other experimental 

studies reporting an improvement in wound blood perfusion in response to 

HBOT. While it may be true that elevating tissue pO2
 in ischemic wounds with 

poor vascularity provides the necessary oxygenation for angiogenesis and 

cellular proliferation, it is important to emphasize consistency in selecting 
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wound model and a consensus in HBO regimens in order to measure and 

properly compare the evolution of angiogenesis in wounds treated by hyperoxia 

across different clinical and experimental scenarios. 
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ABSTRACT

Background: Late side effects of radiotherapy (RT) in the treatment for 

head and neck malignancies involve an inadequate healing response 

of the distressed tissue due to RT induced hypovascularity. The aim of 

this study was to develop a pilot model in which vascular alterations 

associated with late irradiation (IR) injury could be measured in rabbit 

oral mucosa and mandibular bone.

Materials and methods: Eight male New Zealand White rabbits were 

divided over 4 treatment groups. Group I-III received 4 fractions of RT 

(5.6 Gy, 6.5 Gy and 8 Gy respectively) and group IV received 1 fraction 

of 30 Gy. Oral microcirculatory measurements were performed at 

baseline (before RT) and once a week during 11 consecutive weeks 

after RT assessing perfusion parameters, i.e. total vessel density (TVD), 

perfused vessel density (PVD), proportion of perfused vessels (PPV) and 

microvascular flow index (MFI). Post-mortem histopathology specimens 

were analyzed.  

Results: 5 weeks after RT, TVD and PVD in all groups showed a decrease 

of >10% compared to baseline, a significant difference was observed for 

groups I, II and IV (p<0.05). At T11 no lasting effect of decreased vessel 

density was observed. PPV and MFI remained unaltered at all time points. 

Group IV showed a marked difference in scattered telangiectasia-like 

microangiopathies, histological necrosis and loss of vasculature. 

Conclusion: No significant lasting effect in mucosal microcirculation 

density due to IR damage was detected. Observed changes in 

microcirculation vasculature and histology may align preliminary tissue 

transition towards clinical pathology in a very early state associated with 

late IR injury in the oral compartment.
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INTRODUCTION 

Radiotherapy (RT) has an essential role in the treatment of head and neck (HN) 

cancer patients. Irradiation (IR) of HN malignancies concomitantly elicits acute 

and late injuries to healthy tissues resulting in clinical side effects such as oral 

mucositis, dry mouth, ulceration and osteoradionecrosis.11,35 Acute side effects 

of RT usually heal by the end of treatment, whereas possible late effects due to 

reduced vascularity and fibrosis tend to occur after a period of several months 

to years after treatment.4,31,33 RT induced hypovascularity could progress in a 

hypocellular and hypoxic tissue state in which the distressed tissue is unable to 

establish an adequate healing response to injury and eventually succumbs to 

tissue breakdown and osteoradionecrosis (ORN).20 ORN in HN has a reported 

incidence of 2-22%23,25,34 and is a potentially mutilating and complicated 

pathology to manage. 

Experimental research fulfills an essential role in providing standardization 

of a model and controlled environments for studying pathophysiology 

and interventional responses associated with HN IR injury. In clinical studies 

standardization in design is difficult to achieve as tumor location and radiation 

dose varies between patients. Late IR tissue histopathology involving human 

jawbone presents as a progressive state of hypovascularity and fibrosis.6,19 

Experimental studies that aimed to create a late IR tissue injury model in 

the HN region were previously conducted. Distraction osteogenesis on rabbit 

irradiated mandibles showed general reduction in vascularity, osteoblastic 

activity and bone regeneration compared to non-IR controls.7,17,24,38 Increased 

fibrosis and decreased vascularity in the soft tissues surrounding the irradiated 

mandible was observed after 5 fractions of 15 Gy in a rat IR model.31 In another 

model using mini-pigs, an increased amount of fibrosis and decreased 

vascular lumens in the mandible was proportionally dependent with the 

dose administered (25-70 Gy) 14-24 weeks after RT.27 Studies directed at 

evaluating the effects of RT mainly investigated tissue quality at functional 

or subcellular level by measurements obtained using x-ray microtomography 

(micro-CT),16,38,39 microangiography,18 transmission electron microscopy31 and 

by looking at histopathology.6,7,16-18,24,27,29,31,38,39 A disadvantage associated with 

most of the techniques listed above is that they are invasive and often require 

tissue manipulation and/or injecting a contrast medium for data acquisition. 

To further advance knowledge on oral tissue microvascular integrity and 
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its perfusion in response to IR, the oral microcirculation was measured in 

vivo using a noninvasive, optical spectroscopic-based handheld imaging 

system, sidestream dark-field imaging (SDFI). SDFI has extensively been 

used at the patient bedside and experimental setting to monitor and assess 

pathophysiological states associated with shock (e.g. cardiogenic, hypovolemic 

and septic),2,15 interventional endpoints and therapeutic responses associated 

with microvascular alterations in critical care patients, wound healing and the 

side effects of cancer chemotherapy and RT.12,13,22 Decreased capillary density, 

irregular dilatation of blood vessels and telangiectasia were associated with 

late IR effects in human oral mucosa.13 In the present study parameters 

coinciding with microvascular blood flow dynamics and microvascular density 

were examined and compared between baseline and then after IR. 

The aim of this study was to develop a pilot translational IR model in which 

microvascular alterations associated with late IR injury could be measured in 

rabbit oral mucosa and mandibular bone using SDFI and histological analysis. 

Microcirculatory changes in vessel density and blood flow were quantified and 

compared between baseline and after IR. In order to ascertain the translational 

accuracy of a late IR injury model, we test the hypothesis that cumulative IR 

dosages equal to 22.4 Gy, 26 Gy, 30 Gy and 32 Gy would result in oral mucosal 

and mandibular bone histological changes similar to humans.

MATERIALS AND METHODS

The institutional Animal Experimentation Committee of the Academic Medical 

Center of the University of Amsterdam approved the protocols and guidelines 

for this study (Ref. No. DFL103187). The care and use of animals were conducted 

in accordance with the EU Directive 2010/63/EU (22 September 2010) and the 

Dutch Act on Laboratory Animal Experiments. 

Animals
Eight male specific-pathogen-free New Zealand White rabbits (Oryctolagus 

cuniculus) (Charles River Laboratories France, L’Arbresle Cedex, France) were 

randomly divided between 4 groups. Each group received a different total 

IR dose. Mean body weight at start of the study was 2.72±0.16 kg, weighing 

was carried out weekly throughout the entire period of the study. Animals 
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were housed separately in large cages (R-SUITE Enriched Rabbit Housing, 

Techniplast SpA, Buguggiate (Varese), Italy) in a 24-hour light-controlled 

room (12 h light/dark cycle) that was maintained at a constant temperature 

of 22±1ºC and humidity of 55±10%. Consumption of standard food pellet diet 

(LK-04, AB Diets, Woerden, The Netherlands) and water (acidified to pH 2.7) 

was available ad libitum. Sedation to perform microcirculation measurements, 

blood sampling and administration of RT, was achieved though administration 

of subcutaneous injection of a mixture of ketamine (Nimatek, Eurovet Animal 

Health BV, Bladel, The Netherlands; 15 mg·kg-1) and dexmedetomidine 

(Dexdomitor, Pfizer Animal Health BV, Capelle aan den Ijssel, The Netherlands; 

0.2 mg·kg-1). To monitor general hematological health a blood sample was 

obtained at every measurement time point by drawing 1 mL of blood from the 

central ear artery, anticoagulated in K2E 7.2 mg EDTA BD Vacutainer® 4 mL 

tubes (Becton, Dickinson & Co., Plymouth, United Kingdom) and analyzed by 

an automated Sysmex XE-5000 (Sysmex Corporation, Kobe, Japan). Hereafter, 

microcirculation measurements and RT were performed. After all data 

collection and RT atipamezole (Antisedan®, Pfizer Animal Health BV, Capelle 

aan den IJssel, The Netherlands; 1 mg·kg-1 sc) was administered to reverse 

anesthesia. At the end of the study the animals were sacrificed using sodium 

pentobarbital (Euthasol®, AST Farma BV, Oudewater, The Netherlands; 120 

mg·kg-1 iv) administered via the lateral ear vein. After sacrifice the mandibles 

with overlaying mucosa were dissected and excised for postmortem 

histopathological analysis. All animals were exposed to the same experimental 

proceedings: weighing, sedation, baseline and consecutive weekly whole blood 

counts, microcirculation measurements, RT, reversal of anesthesia, sacrifice 

and mandibular excision.

Irradiation (IR)
IR was performed using an Xstrahl X-ray generator (Xstrahl Ltd., Surrey, United 

Kingdom), operated at 225 kV and 15 mA and inherent filtration with 1 mm Cu, 

a square tube collimator with an area of 8x8 cm2. After being anesthetized 

the fur on the right lower jaw was shaved, the right side of the mandible was 

marked and subsequently the animals were transported from their housing 

facility to the IR lab at the Department of Experimental RT. Upon arrival at the 

experimental RT lab each rabbit was placed in a dorsally recumbent position on 

a table-top under the X-ray generator. The mandible faced the focus source of 
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the IR with a beam to subject distance of 20 cm. A lead plate with a rectangular 

recess of 2x6 cm was positioned on a foam scaffold in between the IR source 

and the mandible. A smaller lead shield to protect the eyes, underlying intraoral 

tissues and maxillary region was inserted intraorally to isolate the mandible for 

IR. The focus was oriented to unilateral IR to the right side of the mandible and 

the left side was used as a non-IR control. All animals were closely monitored 

during the treatment procedure after which they were transported back to their 

housing area where reversal of anesthesia was administered with 1 mg·kg-1 sc 

atipamezole.

IR protocol 
All study animals were randomly divided into 4 groups (I, II, III and IV) of 2 

animals each and each group received different total irradiation doses (i.e. 22.4 

Gy, 26 Gy, 32 Gy and 30 Gy respectively). Groups I, II and III received 4 fractions 

(5.6 Gy, 6.5 Gy and 8 Gy respectively with a dose rate of 110 cGy/min) in 2 

consecutive weeks on day 0, 3, 6 and 9. Group IV received the total dose (30 Gy 

with a dose rate of 110 cGy/min) in 1 fraction on day 0. All IR protocol procedures 

were performed by the same investigators (RH, HMR and NAPF).

Microvascular imaging technique 
The microcirculation in the oral mucosa covering the lingual aspect of the 

mandible was examined and measured using a commercially available SDFI 

instrument, also known as MicroScan (MicroScan Video Microscope System, 

MicroVision Medical, Amsterdam, The Netherlands). Details on SDFI are 

described elsewhere.10,21 In brief, stroboscopic emission of 530-nm wavelength 

(green light) via LEDs placed at the tip of the lens probe epi-illuminate the 

tissue and partially gets scattered and absorbed by hemoglobin in red blood 

cells (RBCs). The difference in absorption and scattering produces clear images 

of dark circulating RBCs in the vascular lumen contrasted by a light background. 

Videoclips were captured through a 5x objective lens system (equal to 380x 

onscreen magnification) on a charge-coupled device (CCD) video camera with 

720x576-pixel resolution. The imaged tissue segments were 1.0x0.75 mm2. DVI 

tapes on a Sony DSR-11 DVCAM™ recorder (Sony, Shinagawa-ku, Tokyo, Japan) 

were used for storage and were viewed on a 19-inch Samsung SyncMaster 

932mv LCD monitor (Samsung, Seoul, South Korea) with a 1440x900-screen 

resolution.

68400 Renee Helmers.indd   7668400 Renee Helmers.indd   76 24-11-21   09:4324-11-21   09:43



Onset of late irradiation effects

77

4

SDFI measurements
In all groups microcirculatory measurements were performed at baseline 

(before RT) and every week for 11 consecutive weeks. All measurements were 

performed by the same investigator (RH) in the same examination room, kept 

at a constant temperature of 22±1ºC. After inducing anesthesia and blood 

sampling, each animal was placed in a prone position on a flat surface with a 

cotton dental roll wedged between the maxillary and mandibular (pre-)molars 

to keep the mouth open and providing space for placement of the imaging 

probe. Moisturizing of the mouth for good contact between mucosa and probe 

tip was performed by irrigation of the oral mucosa with a warm (37ºC) sterile 

physiological saline solution (0.9% NaCl). The imaging probe was covered with 

a sterile disposable cap (MicroScan Lens, MicroVision Medical, Amsterdam, 

The Netherlands) and placed gently perpendicular on the lingual aspect of 

the mandibular mucosa on the diastema (gap) between the incisors and the 

premolars and aiming for full contact without applying any pressure thereby 

avoiding vascular occlusion (pressure) artifacts. Microcirculation recordings 

were acquired while withdrawing and advancing the lens probe from release 

and contacting the tissue surface in order to record segments free of pressure 

artifacts. A 2-min video clip was obtained of 5 adjacent sites on the IR side and 

the contralateral non-IR side of the inside of the mandible in each subject at 

each time point. 

Microcirculation data analysis
The DVI tapes used for storage of the microcirculation data were converted to 

digital AVI files with Adobe Premier Pro 1.5 (Adobe Systems Incorporated, San 

Jose, California, USA) and then analyzed offline. After separating the sequentially 

recorded sites per time point, 1 clip of each site (4 in total) was selected based 

on quality judged by good image brightness/contrast, sharpness, clarity and 

absence of pressure artifacts in conformity with guidelines established by 

a round table conference based on microcirculation data acquisition and 

analysis consensus meeting.28 Hereafter, all microcirculation data was analyzed 

at random by two investigators (RH, NFS) using the Automated Vascular 

Analysis software package (AVA v3.02, MicroScan Video Microscope System, 

MicroVisionMedical, Amsterdam, The Netherlands). Analysis of microcirculatory 

data was performed on vessels with diameters <25 μm for total vessel density 

(TVD; mm vessel/mm2), perfused vessel density (PVD; mm perfused vessel/

mm2), proportion of perfused vessels (PPV; %)3 and microvascular flow index 
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(MFI). MFI was determined by describing the type of flow in each quadrant of 

the clip using the following scoring system: absent (0), intermittent (1), sluggish 

(2) or normal (3).5,32 

Mandibular histopathology
Following sacrifice, the mandible of each subject was carefully dissected 

and fixed using 4% buffered formaldehyde. Mandibular bone cross-

sections were prepared as 4 mm thick slices, which were demineralized in 

ethylenediaminetetraacetic acid (EDTA) and processed into standard, paraffin 

embedded, 8 μm thick histological slides. All samples were (immuno-) 

histochemically stained with hematoxylin and eosin (H&E), Elastica van Gieson 

(EVG) and analyzed under a light microscope (BX50, Olympus, Tokyo, Japan) 

at x100 magnification. The samples were analyzed for general histological 

parameters for tissue integrity and reactive changes such as hemorrhage, acute 

and chronic inflammation, osteoblast and osteoclast activity, loss of vascular 

structures, fibrosis and necrosis. Current study samples were compared to the 

histology of 2 healthy age-matched rabbit mandibular material obtained from 

a tissue bank of a former study (Ref. No. DFL101932). All histological analyses 

were performed by the same investigator (HHdB).

 

Statistical analysis
As no standardized experimental IR rabbit model was available in literature, this 

pilot study aimed to determine which dose could induce measurable late IR 

damage in tissue. Since research data on the effects of late IR effects on in vivo 

microcirculation was not available, this study served as a basis for orientation and 

design. We aimed to detect an estimated difference between baseline and post-

IR in TVD of approximately 8-10% in the proposed study groups.  A minimum of 2 

animals per group were used in order to achieve procedural endorsement. As all 

study groups consist of just 2 rabbits the Friedmann test, a non-parametric test 

with no correction for multiple comparisons, was applied to all groups to detect a 

statistical difference (p-value <0.05) over time compared to baseline. The data of 

all parameters were separately analyzed (TVD, PVD, PPV, MFI, body weight, whole 

blood counts) and presented in mean±SD. Mean TVD and PVD measurements 

were converted into percentages and to correct for innate biological variations 

datasets were normalized with respect to baseline. Data analysis was performed 

with Prism 8.3.1 for macOS (GraphPad Software, LLC, San Diego, California, USA).
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RESULTS

All animals responded well to the IR model and the repeated microcirculation 

measurement protocol with no signs of distress or discomfort. Transportation 

of the anesthetized animals to and from the IR lab was uneventful. After 

returning the animals to their housing and reversing anesthesia, no signs 

of distress or distressed recovery was observed. At T11 groups I-III showed 

significant increases in body mass compared to baseline (p<0.05). When body 

mass was examined separately in each animal, a marked decrease in body 

mass was noted in one animal from group IV, in which weight loss started from 

T7 and resulted in a 16% lower body mass at T11 compared to T6. Whole blood 

count parameters (Hb, PLT, RBC, WBC) remained within normal reference value 

range9,14 throughout all time points. Groups I, III and IV showed a recurrent 

significant decrease in PLT count and group IV a significant decrease in WBC 

count at different time points. Whole blood count parameters and body mass 

are presented in Table 1. 

IR-related clinical observations
In group I, II and III no remarkable clinical observations were noted. At T2 both 

animals in group IV showed erythema of the irradiated skin [Fig. 1A] and one 

subject showed signs of mucositis around the area of the lower incisors [Fig. 

1B]. These observations subsided by T3. Furthermore, both animals in group IV 

showed no regrowth of fur at the site of IR after 5 weeks (T5) [Fig. 1C], a notable 

difference compared to the other groups in which all subject showed full fur 

regrowth by this time point (T5). At T8 general fur regrowth started to appear in 

group IV and was fully recovered by T11.

Mandibular mucosa microcirculation response to IR
Good image quality (i.e. brightness/contrast, sharpness, clarity and absence of 

pressure artifacts) was obtained with the MicroScan on the lingual aspect of 

the mandibular mucosa. In each animal (n=8), 4 clips in total were obtained per 

time point; a total of 384 clips were analyzed (12 time points). 
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Table 1. Summary of body weight and whole blood counts for all animals at each time point. All data are 
presented in means±SD.

BL (T0) Day 7 (T1) Day 14 (T2) Day 21 (T3) Day 28 (T4) Day 35 (T5) Day 42 (T6)
Mass [kg] G1 2.75 ± 0.13 2.35 ± 0.43 2.96 ± 0.37 3.09 ± 0.30 3.22 ± 0.39 3.26 ± 0.39 3.37 ± 0.41

G2 2.73 ± 0.43 2.80 ± 0.25 3.02 ± 0.34 3.14 ± 0.35 3.75 ± 0.29 3.33 ± 0.45 3.42 ± 0.49

G3 2.64 ± 0.14 2.87 ± 0.06 3.03 ± 0.04 3.11 ± 0.02 3.11 ± 0.02 3.19 ± 0.01 3.27 ± 0.01

G4 2.77 ± 0.06 2.80 ± 0.01 2.88 ± 0.04 3.04 ± 0.07 3.19 ± 0.06 3.29 ± 0.02 3.39 ± 0.04

Hb [mmol/L] G1 8.1 ± 0.5 8.4 ± 0.4 8.0 ± 0.6 8.1 ± 0.5 8.1 ± 0.2 8.4 ± 0.5 8.2 ± 0.0

G2 8.2 ± 0.5 8.2 ± 0.2 7.8 ± 0.1 8.0 ± 0.0 8.3 ± 0.1 8.4 ± 0.0 8.4 ± 0.1

G3 8.0 ± 0.6 8.2 ± 0.1 7.6 ± 0.3 7.5 ± 0.1 7.6 ± 0.1 7.8 ± 0.1 8.0 ± 0.2

G4 8.4 ± 0.4 8.5 ± 0.3 8.3 ± 0.4 7.9 ± 0.4 8.1 ± 0.2 8.2 ± 0.0 8.6 ± 0.1

Ht [L/L] G1 NA ± NA 0.42 ± 0.02 0.40 ± 0.03 0.40 ± 0.02 0.40 ± 0.00 0.42 ± 0.02 0.40 ± 0.01

G2 NA ± NA 0.41 ± 0.01 0.39 ± 0.01 0.40 ± 0.00 0.41 ± 0.00 0.42 ± 0.00 0.41 ± 0.00

G3 NA ± NA 0.41 ± 0.02 0.39 ± 0.02 0.39 ± 0.01 0.39 ± 0.01 0.40 ± 0.01 0.39 ± 0.01

G4 NA ± NA 0.42 ± 0.03 0.41 ± 0.02 0.39 ± 0.02 0.41 ± 0.02 0.42 ± 0.00 0.42 ± 0.01

RBC [×1012/L] G1 6.42 ± 0.21 6.57 ± 0.16 6.25 ± 0.40 6.30 ± 0.37 6.27 ± 0.19 6.45 ± 0.35 6.46 ± 0.14

G2 6.23 ± 0.27 6.31 ± 0.21 5.96 ± 0.01 6.07 ± 0.07 6.22 ± 0.01 6.35 ± 0.01 6.36 ± 0.03

G3 6.43 ± 0.74 6.62 ± 0.46 6.12 ± 0.57 6.01 ± 0.24 6.00 ± 0.28 6.06 ± 0.42 6.18 ± 0.41

G4 6.86 ± 0.02 6.94 ± 0.15 6.67 ± 0.17 6.44 ± 0.05 6.41 ± 0.13 6.61 ± 0.40 6.81 ± 0.28

WBC [×109/L] G1 7.85 ± 0.86 7.93 ± 0.07 6.42 ± 0.78 7.91 ± 0.54 6.79 ± 0.30 7.40 ± 0.16 7.53 ± 1.27

G2 8.18 ± 1.57 8.71 ± 1.61 7.16 ± 0.59 6.52 ± 0.62 8.52 ± 1.43 8.12 ± 0.64 8.36 ± 1.82

G3 7.92 ± 1.16 8.03 ± 0.30 6.27 ± 0.02 6.95 ± 1.07 7.76 ± 2.61 7.25 ± 2.04 7.02 ± 0.32

G4 8.65 ± 0.44 7.78 ± 1.17 7.50 ± 0.59 7.43 ± 1.56 8.25 ± 1.83 7.86 ± 0.53 6.82 ± 0.93

PLT [×109/L] G1 260 ± 25 251 ± 34 234 ± 17 193 ± 28 137 ± 34** 155 ± 3** 221 ± 60

G2 294 ± 18 356 ± 10 322 ± 28 216 ± 13 214 ± 23 225 ± 37 304 ± 41

G3 192 ± 40 230 ± 34 164 ± 52 145 ± 40 174 ± 75 139 ± 37* 192 ± 14

G4 386 ± 52 400 ± 64 336 ± 39 361 ± 74 322 ± 26 283 ± 51* 410 ± 96*

BL: baseline; Hb: hemoglobin; Ht: hematocrit; RBC: red blood cells; WBC: white blood cells; PLT: 
platelets; NA: not available
** p<0.01 vs. T0, Friedmann test
*  p<0.05 vs. T0, Friedmann test
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Table 1. Summary of body weight and whole blood counts for all animals at each time point. All data are 
presented in means±SD.

BL (T0) Day 7 (T1) Day 14 (T2) Day 21 (T3) Day 28 (T4) Day 35 (T5) Day 42 (T6)
Mass [kg] G1 2.75 ± 0.13 2.35 ± 0.43 2.96 ± 0.37 3.09 ± 0.30 3.22 ± 0.39 3.26 ± 0.39 3.37 ± 0.41

G2 2.73 ± 0.43 2.80 ± 0.25 3.02 ± 0.34 3.14 ± 0.35 3.75 ± 0.29 3.33 ± 0.45 3.42 ± 0.49

G3 2.64 ± 0.14 2.87 ± 0.06 3.03 ± 0.04 3.11 ± 0.02 3.11 ± 0.02 3.19 ± 0.01 3.27 ± 0.01

G4 2.77 ± 0.06 2.80 ± 0.01 2.88 ± 0.04 3.04 ± 0.07 3.19 ± 0.06 3.29 ± 0.02 3.39 ± 0.04

Hb [mmol/L] G1 8.1 ± 0.5 8.4 ± 0.4 8.0 ± 0.6 8.1 ± 0.5 8.1 ± 0.2 8.4 ± 0.5 8.2 ± 0.0

G2 8.2 ± 0.5 8.2 ± 0.2 7.8 ± 0.1 8.0 ± 0.0 8.3 ± 0.1 8.4 ± 0.0 8.4 ± 0.1

G3 8.0 ± 0.6 8.2 ± 0.1 7.6 ± 0.3 7.5 ± 0.1 7.6 ± 0.1 7.8 ± 0.1 8.0 ± 0.2

G4 8.4 ± 0.4 8.5 ± 0.3 8.3 ± 0.4 7.9 ± 0.4 8.1 ± 0.2 8.2 ± 0.0 8.6 ± 0.1

Ht [L/L] G1 NA ± NA 0.42 ± 0.02 0.40 ± 0.03 0.40 ± 0.02 0.40 ± 0.00 0.42 ± 0.02 0.40 ± 0.01

G2 NA ± NA 0.41 ± 0.01 0.39 ± 0.01 0.40 ± 0.00 0.41 ± 0.00 0.42 ± 0.00 0.41 ± 0.00

G3 NA ± NA 0.41 ± 0.02 0.39 ± 0.02 0.39 ± 0.01 0.39 ± 0.01 0.40 ± 0.01 0.39 ± 0.01

G4 NA ± NA 0.42 ± 0.03 0.41 ± 0.02 0.39 ± 0.02 0.41 ± 0.02 0.42 ± 0.00 0.42 ± 0.01

RBC [×1012/L] G1 6.42 ± 0.21 6.57 ± 0.16 6.25 ± 0.40 6.30 ± 0.37 6.27 ± 0.19 6.45 ± 0.35 6.46 ± 0.14

G2 6.23 ± 0.27 6.31 ± 0.21 5.96 ± 0.01 6.07 ± 0.07 6.22 ± 0.01 6.35 ± 0.01 6.36 ± 0.03

G3 6.43 ± 0.74 6.62 ± 0.46 6.12 ± 0.57 6.01 ± 0.24 6.00 ± 0.28 6.06 ± 0.42 6.18 ± 0.41

G4 6.86 ± 0.02 6.94 ± 0.15 6.67 ± 0.17 6.44 ± 0.05 6.41 ± 0.13 6.61 ± 0.40 6.81 ± 0.28

WBC [×109/L] G1 7.85 ± 0.86 7.93 ± 0.07 6.42 ± 0.78 7.91 ± 0.54 6.79 ± 0.30 7.40 ± 0.16 7.53 ± 1.27

G2 8.18 ± 1.57 8.71 ± 1.61 7.16 ± 0.59 6.52 ± 0.62 8.52 ± 1.43 8.12 ± 0.64 8.36 ± 1.82

G3 7.92 ± 1.16 8.03 ± 0.30 6.27 ± 0.02 6.95 ± 1.07 7.76 ± 2.61 7.25 ± 2.04 7.02 ± 0.32

G4 8.65 ± 0.44 7.78 ± 1.17 7.50 ± 0.59 7.43 ± 1.56 8.25 ± 1.83 7.86 ± 0.53 6.82 ± 0.93

PLT [×109/L] G1 260 ± 25 251 ± 34 234 ± 17 193 ± 28 137 ± 34** 155 ± 3** 221 ± 60

G2 294 ± 18 356 ± 10 322 ± 28 216 ± 13 214 ± 23 225 ± 37 304 ± 41

G3 192 ± 40 230 ± 34 164 ± 52 145 ± 40 174 ± 75 139 ± 37* 192 ± 14

G4 386 ± 52 400 ± 64 336 ± 39 361 ± 74 322 ± 26 283 ± 51* 410 ± 96*

BL: baseline; Hb: hemoglobin; Ht: hematocrit; RBC: red blood cells; WBC: white blood cells; PLT: 
platelets; NA: not available
** p<0.01 vs. T0, Friedmann test
*  p<0.05 vs. T0, Friedmann test

Day 49 (T7) Day 56 (T8) Day 63 (T9) Day 70 (T10) Day 77 (T11)
3.42 ± 0.48 3.51 ± 0.49 3.59 ± 0.48 3.63 ± 0.53 3.67 ± 0.53

3.51 ± 0.51 3.57 ± 0.49 3.65 ± 0.49 3.68 ± 0.59 3.70 ± 0.61

3.23 ± 0.11 3.25 ± 0.15 3.25 ± 0.16 3.27 ± 0.15 3.32 ± 0.05

3.34 ± 0.18 3.33 ± 0.33 3.34 ± 0.45 3.38 ± 0.56 3.17 ± 0.44

8.5 ± 0.1 8.6 ± 0.1 8.4 ± 0.1 NA ± NA 8.6 ± 0.4

8.6 ± 0.1 8.7 ± 0.1 8.5 ± 0.1 NA ± NA 8.8 ± 0.1

8.3 ± 0.1 8.2 ± 0.4 8.2 ± 0.0 NA ± NA 8.4 ± 0.5

8.7 ± 0.1 9.3 ± 0.5 9.0 ± 0.3 9.2 ± 0.3 9.2 ± 0.3

0.42 ± 0.00 0.42 ± 0.01 0.44 ± 0.00 NA ± NA 0.44 ± 0.02

0.42 ± 0.00 0.42 ± 0.00 0.43 ± 0.01 NA ± NA 0.45 ± 0.00

0.41 ± 0.01 0.41 ± 0.01 0.43 ± 0.01 NA ± NA 0.43 ± 0.03

0.43 ± 0.01 0.45 ± 0.03 0.46 ± 0.01 NA ± NA 0.47 ± 0.00

6.61 ± 0.10 6.66 ± 0.04 6.54 ± 0.11 6.75 ± 0.13 6.64 ± 0.16

6.46 ± 0.04 6.54 ± 0.08 6.40 ± 0.08 6.55 ± 0.20 6.67 ± 0.06

6.43 ± 0.17 6.41 ± 0.04 6.44 ± 0.33 6.31 ± 0.49 6.52 ± 0.54

6.83 ± 0.57 7.24 ± 0.85 7.11 ± 0.68 7.18 ± 0.41 7.28 ± 0.28

7.63 ± 0.65 7.53 ± 0.50 7.21 ± 0.74 NA ± NA 7.24 ± 0.74

6.89 ± 0.80 7.51 ± 0.16 6.01 ± 1.18 NA ± NA 8.57 ± 0.06

7.88 ± 1.34 7.32 ± 2.27 8.32 ± 1.15 NA ± NA 9.88 ± 2.89

6.54 ± 1.75* 8.16 ± 0.39 8.41 ± 0.03 NA ± NA 8.52 ± 0.43

225 ± 65 192 ± 3 201 ± 5 242 ± 4 211 ± 11

242 ± 6 208 ± 100 174 ± 142 294 ± 30 258 ± 50

184 ± 30 163 ± 23 155 ± 37 191 ± 13 203 ± 4

255 ± 144* 325 ± 127 298 ± 116 377 ± 43 321 ± 139
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Figure 1. Photographs illustrating group IV subjects (single dose of 30 Gy) with erythema of the irradiated 
skin (A) and signs of mucositis around the area of the lower incisors (B) at T2 and the absence of extraoral 
mandibular fur (C) in the irradiated region at T5. 

Table 2. Summary of microcirculation data (vessels with diameter <100 mm). All data is presented in 
means±SD. 

BL (T0) Day 7 (T1) Day 14 (T2) Day 21 (T3) Day 28 (T4) Day 35 (T5) Day 42 (T6)
TVD [mm/mm2] G1 28 ± 5 25 ± 1 29 ± 1 25 ± 2 27 ± 2 21 ± 1** 20 ± 2**

G2 25 ± 1 25 ± 3 26 ± 1 28 ± 3 27 ± 1 20 ± 1** 20 ± 2**

G3 27 ± 1 31 ± 0** 27 ± 1 30 ± 2 26 ± 4 23 ± 2 26 ± 2

G4 24 ± 1 29 ± 4 22 ± 4* 24 ± 0 21 ± 1* 21 ± 2* 22 ± 0**

TVD [%] G1 100 ± 0 91 ± 21 107 ± 17 92 ± 9 99 ± 25 78 ± 16 74 ± 19**

G2 100 ± 0 101 ± 9 102 ± 1 110 ± 5 106 ± 3 81 ± 1 81 ± 3

G3 100 ± 0 115 ± 3 99 ± 2 109 ± 12 96 ± 12 83 ± 10 95 ± 2

G4 100 ± 0 120 ± 11 90 ± 18 100 ± 3 88 ± 9 88 ± 11 90 ± 3

PVD [mm/mm2] G1 28 ± 5 25 ± 1 29 ± 1 25 ± 2 27 ± 2 21 ± 1** 20 ± 2**

G2 25 ± 1 25 ± 3 26 ± 1 28 ± 3 26 ± 1 20 ± 1** 20 ± 2**

G3 27 ± 1 31 ± 0** 27 ± 1 30 ± 2 26 ± 4 23 ± 2 26 ± 2

G4 24 ± 1 29 ± 4 22 ± 4* 24 ± 0 21 ± 1* 21 ± 2* 22 ± 0**

PVD [%] G1 100 ± 0 91 ± 21 107 ± 17 92 ± 9 99 ± 25 78 ± 16 74 ± 19**

G2 100 ± 0 101 ± 9 102 ± 1 110 ± 5 105 ±    2 81 ± 1 81 ± 3

G3 100 ± 0 115 ± 3 99 ± 2 109 ± 12 96 ± 12 83 ± 10 95 ± 2

G4 100 ± 0 120 ± 11 90 ± 18 100 ± 3 88 ± 9 88 ± 11 90 ± 3

PPV [%] G1 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0

G2 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 1 100 ± 0 100 ± 0

G3 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0

G4 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0

MFI [0,1,2,3] G1 3 3 3 3 3 3 3

G2 3 3 3 3 3 3 3

G3 3 3 3 3 3 3 3

G4 3 3 3 3 3 3 3

BL: baseline, MFI: microvascular flow index, PPV: proportion of perfused vessels, PVD: perfused vessel 
density, TVD: total vessel density
** p<0.01 vs. T0, Friedmann test
*  p<0.05 vs. T0, Friedmann test
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Figure 1. Photographs illustrating group IV subjects (single dose of 30 Gy) with erythema of the irradiated 
skin (A) and signs of mucositis around the area of the lower incisors (B) at T2 and the absence of extraoral 
mandibular fur (C) in the irradiated region at T5. 

Table 2. Summary of microcirculation data (vessels with diameter <100 mm). All data is presented in 
means±SD. 

BL (T0) Day 7 (T1) Day 14 (T2) Day 21 (T3) Day 28 (T4) Day 35 (T5) Day 42 (T6)
TVD [mm/mm2] G1 28 ± 5 25 ± 1 29 ± 1 25 ± 2 27 ± 2 21 ± 1** 20 ± 2**

G2 25 ± 1 25 ± 3 26 ± 1 28 ± 3 27 ± 1 20 ± 1** 20 ± 2**

G3 27 ± 1 31 ± 0** 27 ± 1 30 ± 2 26 ± 4 23 ± 2 26 ± 2

G4 24 ± 1 29 ± 4 22 ± 4* 24 ± 0 21 ± 1* 21 ± 2* 22 ± 0**

TVD [%] G1 100 ± 0 91 ± 21 107 ± 17 92 ± 9 99 ± 25 78 ± 16 74 ± 19**

G2 100 ± 0 101 ± 9 102 ± 1 110 ± 5 106 ± 3 81 ± 1 81 ± 3

G3 100 ± 0 115 ± 3 99 ± 2 109 ± 12 96 ± 12 83 ± 10 95 ± 2

G4 100 ± 0 120 ± 11 90 ± 18 100 ± 3 88 ± 9 88 ± 11 90 ± 3

PVD [mm/mm2] G1 28 ± 5 25 ± 1 29 ± 1 25 ± 2 27 ± 2 21 ± 1** 20 ± 2**

G2 25 ± 1 25 ± 3 26 ± 1 28 ± 3 26 ± 1 20 ± 1** 20 ± 2**

G3 27 ± 1 31 ± 0** 27 ± 1 30 ± 2 26 ± 4 23 ± 2 26 ± 2

G4 24 ± 1 29 ± 4 22 ± 4* 24 ± 0 21 ± 1* 21 ± 2* 22 ± 0**

PVD [%] G1 100 ± 0 91 ± 21 107 ± 17 92 ± 9 99 ± 25 78 ± 16 74 ± 19**

G2 100 ± 0 101 ± 9 102 ± 1 110 ± 5 105 ±    2 81 ± 1 81 ± 3

G3 100 ± 0 115 ± 3 99 ± 2 109 ± 12 96 ± 12 83 ± 10 95 ± 2

G4 100 ± 0 120 ± 11 90 ± 18 100 ± 3 88 ± 9 88 ± 11 90 ± 3

PPV [%] G1 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0

G2 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 1 100 ± 0 100 ± 0

G3 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0

G4 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0

MFI [0,1,2,3] G1 3 3 3 3 3 3 3

G2 3 3 3 3 3 3 3

G3 3 3 3 3 3 3 3

G4 3 3 3 3 3 3 3

BL: baseline, MFI: microvascular flow index, PPV: proportion of perfused vessels, PVD: perfused vessel 
density, TVD: total vessel density
** p<0.01 vs. T0, Friedmann test
*  p<0.05 vs. T0, Friedmann test

Day 49 (T7) Day 56 (T8) Day 63 (T9) Day 70 (T10) Day 77 (T11)
21 ± 0** 26 ± 3 25 ± 1 25 ± 2 25 ± 1

24 ± 2 24 ± 0 23 ± 0** 24 ± 3 26 ± 1

25 ± 0 27 ± 0 26 ± 3 30 ± 5* 28 ± 2

24 ± 1 23 ± 4* 25 ± 2 26 ± 4 23 ± 1*

78 ± 15** 94 ± 8 90 ± 13 91 ± 25 91 ± 21

97 ± 2 97 ± 3 92 ± 5 94 ± 15 105 ± 10

93 ± 2 101 ± 6 97 ± 6 110 ± 13 101 ± 4

97 ± 8 94 ± 19 105 ± 11 106 ± 21 96 ± 6

21 ± 0** 26 ± 3 25 ± 1 25 ± 2 25 ± 1

24 ± 2 24 ± 0 23 ± 0** 24 ± 3 26 ± 1

25 ± 0 27 ± 0 26 ± 3 30 ± 5* 28 ± 2

24 ± 1 23 ± 4* 25 ± 2 26 ± 4 23 ± 1*

78 ± 15** 94 ± 8 90 ± 13 91 ± 25 91 ± 21

97 ± 2 97 ± 3 92 ± 5 94 ± 15 105 ± 10

93 ± 2 101 ± 6 97 ± 6 110 ± 13 101 ± 4

97 ± 8 94 ± 19 105 ± 11 106 ± 21 96 ± 6

100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0

100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0

100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0

100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0

3 3 3 3 3

3 3 3 3 3

3 3 3 3 3

3 3 3 3 3

Table 2 presents a summary of the analyzed microvascular parameters. 

Baseline mean TVD and PVD for all groups was 26±3 mm/mm2. At T5 TVD 

and PVD in all groups showed a decrease of >10% compared to baseline, a 

significant difference was only observed for groups I, II and IV (p<0.05) and 

return to baseline TVD and PVD was first observed at T8 in group III. Additionally, 

in group IV marked changes in the microcirculation presenting as multiple 

bud-like telangiectasia was observed at all time points with the most intense 

presentation at T2 in both animals [Fig. 2]. PPV and MFI remained unaltered 

across all time points.
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Figure 2. A series of MicroScan microcirculation image frames obtained from rabbit 7 and 8 (R7, R8; 
group IV) at the lingual aspect of the mandibular mucosa. Frames at baseline (T0) and 2 weeks (T2), 5 
weeks (T5) and 11 weeks (T11) after irradiation (IR) are presented. Yellow arrows and encircled areas point 
to the microangiopathy phenomenon observed in the form of bud-like telangiectasias. Total vessel 
density (TVD) was reduced in T11 compared to T0 (p<0.05).

Mandibular bone histology
Mandibular histological specimens from groups I-IV were compared to 

healthy age-matched specimens. Group I did not show any deviating findings 

compared to healthy non-irradiated tissue. There was a gradual increase 

of pathological changes observed in groups II-IV. Group II showed a slight 
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increase of congestion of the vascular structures in bone and soft tissue with 

focal hemorrhage/extravasation of erythrocytes in the surrounding soft tissue. 

Furthermore, a slight increase in osteoblastic and osteoclastic activity was 

noted. The teeth showed no pathological changes except for a focal irregularity 

of cement which was anatomically present on the lingual site. Group III showed 

a marked loss of vascularity of the bone and soft tissue, with an increase of 

fibrotic soft tissue. The bone tissue was vital, although marked osteoblastic 

activation and an increase of osteoclastic bone resorption was observed [Fig. 

3A]. The teeth had an avascular pulp with irregular deposits of cement at the 

interface between the teeth and the adjacent soft tissue on the lingual side. 

Group IV showed further general depletion of vascular structures and an 

increase of fibrosis in bone and soft tissue when compared to group III. The 

fibroblasts showed radiation-induced changes (i.e. enlarged, vesicular nuclei) 

[Fig. 3B]. The bone tissue showed small necrotic fields, although the majority of 

the bone tissue was vital. Some of the vital bone was devoid of an osteoblastic 

lining (periosteum), whilst multifocally, an increase in resorptive activity by 

multinucleated osteoclasts was observed. The teeth had an avascular pulp and 

showed partially resorbed cement on the lingual side of the teeth. 

None of the groups showed thrombosis, vasculitis or reactive changes of 

the endothelium. Finally, no evident difference in observations between the 

irradiated site and the contralateral site was observed. 

Figure 3. Micrographs of the bone histology samples stained with H&E. Panel A shows plump and 
enlarged osteoblasts (small arrows) and an increased number of multinucleated osteoclasts (large 
arrows) signaling increased bone turnover. Panel B shows enlarged atypical nuclei of the fibroblasts in 
the fibrous tissue, commonly associated with radiation induced changes. 
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DISCUSSION

The aim of the present study was to develop a pilot IR model in which the 

effects of late IR injury could be measured noninvasively in the oral mucosal 

microcirculation and in mandibular bone by histological analysis. Using the 

MicroScan it was possible to sequentially measure the mucosal microcirculation 

over an extended period of time to monitor and quantify functional and 

anatomic changes. Interestingly, at the end of 11 weeks the results showed 

that RT administered in different fractions and intensities corresponding with 

cumulative doses equivalent to 22.4 Gy, 26 Gy, 30 Gy and 32 Gy established no 

evident altered perfusion or lasting microvascular changes besides bud-like 

telangiectasia observed after a single dose of 30 Gy. There was a gradual IR 

dose-dependent increase in pathophysiological changes observed in groups 

II-IV that presented most prominently as reduced vascularity, fibrosis of soft 

tissue and bone and necrosis of teeth and bone tissue after a single dose of 

30 Gy.

SDFI previously showed changes in oral microcirculation in rabbit wound 

vascularization studies in response to chemotherapy and hyperbaric oxygen 

therapy.12,22 Although no clear late IR effect could be detected in our 

microcirculation data at T11 in all groups, there was a notable recurring effect 

around T5 regarding clinical side effects (no regrowth of hair at side of irradiation 

in Group IV), reduced TVD and PVD (Group I, II and IV) and decreased PLTs (Group 

I, III and IV) compared to baseline. This suggests that our study may reflect 

microcirculation dynamics potentially associated with the onset of IR injury in a 

transition phase prior to late IR injury. The observation of a transient decrease in 

functionality of the microcirculation could be a result of leaking or thrombosed 

capillaries injured by IR. A decrease in PLTs associated with locoregional IR, which 

is supported although not valued as clinically relevant by the scarcely available 

literature,36,37 could further reduce angiogenesis and repair in compromised 

IR tissue as they contain platelet-derived growth factors.30 Recently in an 

observational clinical study, late IR injury in oral mucosal microcirculation was 

described as showing significant rarefaction in capillary density, irregularly 

enlarged blood vessel diameters and telangiectasias.13 Interestingly, group 

IV showed scattered bud-like telangiectasia in the microcirculation with this 

appearing most prominently at T2, i.e. 2 weeks after RT. Since none of the 

other groups showed this type of phenomenon in the microcirculation, a higher 
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IR fraction dose might be necessary in order to induce comparable vascular 

reactions associated with RT in humans in the present animal model. 

The histology of mandibular bone of groups III and IV showed increase 

in fibrotic interstitial tissue and loss of vascular structures in bone and soft 

tissue compared to the histology of healthy rabbit mandibular bone. Increased 

fibrosis in IR tissue was in agreement with other study reports6,8,18,27,39 and was 

described as a decrease in vessel lumen space and increase in thickness of the 

tunica intima.6,27 Group IV histologically showed small fields of bone necrosis 

marked by empty osteocyte lacunae 11 weeks after a single fraction of 30 Gy. 

Interestingly, another study reported a significant decrease in bone formation 

rate and vascular lumen diameter and increase in tunica intima thickness starting 

from 14 weeks after irradiation (highest total dose of 23.6 Gy, total follow up 26 

weeks) measured by dynamic histomorphometry and histology assessment.27 

In their study bone necrosis only followed after surgical intervention post-IR, 

which might indicate a less severe impact of IR-dose alone when compared 

to our findings after a single fraction of 30 Gy. A significant decrease in 

osteocytes and increase in empty lacunae (osteocyte death) in the bone of 

irradiated rabbit mandibles was correspondingly demonstrated in another 

study after administration of a total dose varying between 35 Gy and 45 Gy (in 

5 fractions).39 Additionally, an increase of myofibroblasts invading osteocytes 

and surrounding sequesters was noted corresponding with the known chronic 

fibrotic state associated with RT.8,39 Finally, group IV showed a lack of osteoblast 

lining (periosteum), increased resorption by osteoclast activity and decreased 

vascularization, which is in line with observations describing human ORN 

mandibles.6 The absence of periosteum might be the first step preceding soft 

tissue ulceration that eventually succumbs to bone necrosis and exposure. 

However, bone necrosis and exposure were not observed in our model. 

Previous rabbit models studying IR effects in the HN region applied different 

treatment approaches such as total radiation dose, duration and number of 

fractions administered and technique of IR (X-ray tube, linear accelerator, 

cobalt therapy).1,7,16-18,24,26,28,29,38,39 After dosimetry calculation and comparisons 

with previous investigations a cumulative dose ranging between 22.4 to 32 Gy 

was chosen for this pilot study with the purpose to select a clinically relevant 

spectrum of IR therapy approaches. Because cell and tissue turnover occurs 

3 times faster in rabbits compared to humans,7,38 emerging and recovery of IR 

damage may occur at different times. We hypothesized that a minimum period 
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of 8 weeks would correspond with a period of 24 weeks (6 months) in humans 

and therefore would be sufficient to detect late IR injury in the microvasculature. 

However, the effects of RT might have manifested in a milder form in bone as 

damaged cells would be replaced by osteoprogenitor cells in a higher turnover 

rate.38 It may have been advantageous to prolong the observation period of 

post-IR beyond 11 weeks to determine if there may be a delayed response in 

the microcirculation corresponding to late IR injury as observed in human HN 

cancer patients. 

Several points need to be considered in view of this pilot investigation. First, 

the small sample size per groups was very small and may not be sufficient in 

order to validate and ascertain adequate detection of late IR injury. Second, 

compared to other animal studies 11 weeks is relatively short and might therefore 

have been too soon to detect vascular and histology changes characteristic of 

late IR injury. Finally, it is difficult to scale IR doses adequately for rabbits and 

perhaps a higher dose may have been required in order to achieve clinically 

comparable tissue pathophysiology associated with mandibular IR injury. 

In conclusion, the present pilot study described for the first time a model 

in which in vivo oral microcirculatory response after HN IR was monitored and 

quantified prospectively. Within the scope of this study, no significant lasting 

effect in terms of perfused vessel density or clinical late IR damage could be 

detected in the different groups after 11 weeks. In general, acute changes in 

vessel density and platelet counts were observed at 5 weeks after initiating 

IR in all groups. Marked changes in architecture (telangiectasia) and histology 

(loss of periosteum and vasculature) were observed after a single dose of 30 

Gy. Future studies should prolong the observation period and examine injury 

dose-response prevalence by correlating the microcirculation, telangiectasia 

and histopathology findings with the progression of IR side effects.
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ABSTRACT 

Objectives: Late radiation-induced tissue toxicity in the head and neck 

(HN) region is associated with ulceration and osteoradionecrosis as a 

result of a detrimental effect on the underlying tissue microvasculature. 

The aim of this investigation was to determine the clinical feasibility 

of examining and measuring late irradiation changes in the oral 

microcirculation of HN cancer patients using the novel CytoCam video 

microscope system. 

Materials and methods: In 30 HN cancer patients and 30 age-matched 

controls, bilateral video images were recorded noninvasively of the oral 

microcirculation of the buccal mucosa and mandibular gingiva. Tissue 

perfusion parameters such as functional capillary density (FCD), buccal 

blood vessel diameter (Øbv)
, and microcirculatory flow index (MFI) were 

analyzed.

Results: No difference was observed for mean buccal mucosa FCD in 

irradiated vs. healthy tissue, whereas a lower mean gingival FCD in 

irradiated vs. healthy tissue was observed (34±17 cpll/mm2 vs. 68±19 cpll/

mm2; p<0.001). A significant difference in mean buccal Ø
bv

 of 16±3 mm 

was measured compared to 14±1 mm in control buccal mucosa (p<0.001). 

No significant difference in MFI was observed between the two groups.

Conclusion: Quantifying oral microcirculatory injury associated with 

late irradiation effects using the CytoCam was feasible in HN cancer 

patients. Results indicate that marked differences in tissue-specific 

microcirculatory measurements of angioarchitecture, diminished 

capillary density, and extensively dilated blood vessel diameters are 

associated with late irradiation effects in HN cancer patients. 
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INTRODUCTION

Irradiation of malignancies in the anatomically complex head and neck (HN) 

region inevitably results in collateral damage to vital tissues.13,32 Vascular 

damage in the oral mucosa is a late sequela following acute mucosal injury. 

Mucositis develops in 80% of patients during the course of curative HN 

irradiation and manifests as atrophy of epithelial cells and inflammatory 

infiltrates.26,32 Subsequent release of vasoactive cytokines results in fibrin 

leakage into surrounding tissues followed by vascular lumen blockage that 

can ultimately reduce tissue vascular perfusion and regional hypoxia.32 Late 

irradiation sequelae associated with irradiation dosages of 50-65 Gy 6 can 

emerge several months after completing RT and can lead to problems with 

mastication and speech (due to trismus and/or xerostomia), atrophy and 

fibrosis with ulceration of the oral mucosa, and in some advanced cases as 

osteoradionecrosis (ORN) of the jaw.6,18,27 

Late irradiation side effects vary in severity and pathology among patients. 

As severity of late sequelae associated with RT is not proven to correlate 

with the degree of acute effects,4,23,34 it is difficult to predict the course of 

late radiation damage. Most tissues do not reveal late side effects clinically 

before a stage of severe tissue breakdown becomes apparent in the form of 

soft tissue necrosis or ORN. Understanding late irradiation pathophysiology 

in the microcirculation can provide a way of subclinical diagnostics to bring 

to light clinically relevant information on early onset of side effects and their 

severity. Tissue inspection and monitoring provides an opportunity for planning 

ahead strategies to improve patient quality of life by preventing progression 

of pathology. Hyperbaric oxygen is an example of such a strategy that could 

potentially improve tissue resistance to injury and maintenance of health by 

reducing avascularity.3,11,21,27 

To date several reports on vascular irradiation were published using 

different techniques. Early in the 1970s studies based on histology and intravital 

microscopy were conducted, describing degeneration of capillaries after 

irradiation as telangiectasia and microaneurysms.23 Transcutaneous oxygen 

measurements and laser Doppler flowmetry (LDF) were each used to assess 

microcirculation functionally in irradiated skin and oral mucosa but failed to 

yield consistency in results.10,12,24,28,29 Direct observation of angioarchitecture 

and morphology in irradiated tissue can provide additional evidence-based 
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support on pathophysiology that was otherwise absent using techniques such 

as LDF. Doppler optical coherence tomography (DOCT) combined with speckle 

variance OCT (svOCT) was used to examine angiomorphology and blood flow 

in the oral mucosa with late irradiation injury.8 Orthogonal polarization spectral 

imaging (OPSI) and sidestream dark-field imaging (SDFI) have previously been 

used to describe the microcirculation of oral squamous cell carcinoma 19, 

microvascular inflammation associated with irradiation-induced oral mucositis 

in HN cancer patients (HNCP) 14, and the effects of chemotherapy on buccal 

mucosa in patients with hematological malignancies.19,20 To perform chairside 

evaluation of the late effects of RT in the oral microcirculation a CytoCam video 

microscope system, a successor of the OPSI and SDFI instruments, was used.

The aims of this study were to examine whether a chairside assessment 

approach was feasible to identify and quantify the late effects of RT on the 

oral microcirculation in patients treated for malignant HN disease. We tested 

the hypothesis that irradiation elicits detectable (late) oral microcirculatory 

derangements such as capillary rarefaction, altered angiomorphology, and 

vessel diameters.

MATERIALS AND METHODS

This single-center observational study was conducted between June 2014 and 

July 2016 in the Department of Oral and Maxillofacial Surgery of the Academic 

Medical Center of the University of Amsterdam. The procedures and guidelines 

for this study were reviewed and approved by the Institutional Medical Ethics 

Committee of the Academic Medical Center of the University of Amsterdam 

(Ref. Nos. NL49017.018.14, NL57131.018.16). Signed informed consent was 

obtained from all participants. This investigation was performed in accordance 

with the principles established in the Declaration of Helsinki (Fortaleza, October 

2013).

Study participants 
HNCP referred to the Department of Hyperbaric Medicine (for prophylactic 

or therapeutic indications) whom previously (>6 months) received uni- or 

bilateral HN irradiation with >50 Gy were eligible for participation. Patients 

were excluded if they received hyperbaric baric oxygen therapy in the past, had 
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undergone surgery in the HN region in <6 months (which both may influence 

vascularization), or had severe trismus preventing intraoral measurements. 

History of general health and past irradiation dose were obtained with patient 

approval. Dentate or edentulous status was noted. A group of healthy age-

matched volunteers (ASA 1; including smokers, social drinkers, and 19<BMI<30) 

was included and used as a control group. To obtain an indication of systemic 

health and to exclude unknown cardiovascular disease, basic hemodynamic 

parameters (heart rate, systolic, diastolic, and mean arterial blood pressures) 

and body temperature were recorded for each control subject. 

Microvascular imaging
Microcirculation measurements were performed using a CytoCam (CC) 

Microscope System (Braedius Medical, Huizen, The Netherlands); details 

on the CC instrument are described elsewhere.1,15 Using incident dark-field 

illumination and CMOS sensor-based imaging technology, the commercially 

available CC is a lightweight handheld imaging instrument that operates by epi-

illuminating a tissue of interest with pulsed (2 ms) 530 nm wavelength green 

light through light-emitting diodes (LEDs) located around the tip of the probe 

lens. As hemoglobin from erythrocytes absorb the green light, the remaining 

light scatters into the surrounding tissue. Using a 4× objective lens system (237× 

onscreen magnification), the imaging sensor records and processes the relayed 

tissue light and produces a clear and high-resolution image (14 megapixel, 25 

fps) of dark circulating erythrocytes in the lumen of blood vessels contrasted 

by a bright background in a field of view (FOV) equal to 1.55×1.16 mm (1.80 mm2). 

The CC is connected to a fanless medical grade panel PC (Braedius Medical, 

Huizen, The Netherlands) equipped with the CCTools software (CytoCamTools 

Camera Manager v1.7.12, Braedius Medical, Huizen, The Netherlands) for camera 

operation and video data processing.

Measurement procedures 
Microcirculation measurements were performed in the same examination room 

kept at a constant temperature of 20±2°C. Participants were seated upright in 

a chair with their head resting against the wall to limit head movement. Prior 

to measurements the participants were requested to refrain from eating, 

drinking (other than water), and any oral hygiene practices for at least 30 min. 

Participants were asked to briefly rinse their mouth with lukewarm (~40°C) 

water since most HNCP have a dry mouth; the same procedure was performed 
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in controls to maintain standardization. Before each measurement, a barrier to 

prevent direct contact between the probe and patient saliva during intraoral 

measurements was prepared using a disposable cap (CytoCam Protection Caps, 

Braedius Medical, Huizen, The Netherlands) placed on the CC and draped with 

a large Latex and powder free examination glove (Klinion® Protection, Medico 

BV, Oud-Beijerland, The Netherlands) with the tip of the middle finger cut off.

Participants were instructed to open their mouth slightly to measure the 

buccal mucosa and to put the teeth in occlusion to measure the mandibular 

gingiva. The tip of the handheld unit was placed in gentle contact with 4 

regions of interest (ROIs) and always in the same sequential order for each 

measurement, i.e. the left and right cheek parallel to the upper premolar 

region, the left and right gingiva in the lower premolar region. The probe 

was kept exactly perpendicular to the targeted tissue locations with the lens 

of the probe placed flat over the epithelium of the mucosa. A modified pen 

grip, a precision grip used by dentists, was applied for stability during gingiva 

recordings using the adjacent teeth for support. After adjusting proper focus 

and contrast settings each measurement was performed during careful probe 

advancement and retraction maneuvers while in contact with the mucosa to 

ensure maximizing the presence of capillaries and avoiding pressure induced 

artefacts in the FOV. All image recordings were performed by an investigator 

(I) trained to manage the handheld device by an experienced researcher (II). 

An assistant (III) operated the CC PC manually for clip recordings, adjustments 

of contrast and focus settings, and recording of focal depth (Fd; mm). For each 

measurement 4 different clips of adjacent sites of 4 s each were recorded 

and averaged to represent each anatomic ROI. For the control group, all basic 

hemodynamic data was obtained by the same examiner (IV) prior to performing 

microcirculation imaging.

Data analysis
Microcirculation recordings were converted into two .avi file formats (full 

screen and Automated Vascular Analysis (AVA) software compatible) and 

exported using CCTools for analysis. Data was analyzed for Fd, classification 

of angioarchitecture, total and functional capillary density (TCD and FCD 

respectively), microvascular flow index (MFI), and buccal blood vessel diameter 

(Ø
bv

). Three types of classes can be distinguished in angioarchitecture 33: an 

array of capillary loops (score 1), both capillary loops and vascular network 
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(score 2), and vascular network without any loops (score 3). Capillary density 

was analyzed by selecting a still frame from each recorded clip according to the 

former established criteria considering image resolution, clarity, and potential 

pressure artefacts.9 TCD and FCD assessment was carried out by counting the 

total and functional capillary loops per visual field in each frame (area of 1.80 

mm2). Intra-class correlation coefficient (ICC) was performed on a sample 

dataset to ascertain inter-rater reproducibility agreement between examiners 

(I, II, and III) for buccal and gingiva FCD (ICC=0.982; p<0.001). After completing 

capillary enumeration for each density dataset, the results were divided by 

1.80 to standardize and present findings as the mean number of capillaries per 

millimeter squared (cpll/mm2). MFI was scored as the predominant flow type in 

each quadrant as being absent (score 0), intermittent (score 1), sluggish (score 

2), or normal (continuous) (score 3).5 

The AVA software package (AVA v3.02, Microscan BV, Amsterdam, The 

Netherlands), calibrated for analysis of the CC-derived images (horizontal 

pitch=1.306944, vertical pitch=1.289930), was used to obtain samples of 

diameter measurements from CC exported recordings of our study participants. 

After performing a full vascular segmentation procedure and selecting a 

series of vascular diameters using AVA, a digital overlay Øbv
 measuring tool 

(containing magnitudes of 5, 10, 20, 30, 40 and 50 mm) was prepared in Adobe 

Photoshop (Adobe Photoshop CC 2017, Adobe Systems Incorporated, San Jose, 

California, USA). In each of the 4 isolated frames from the buccal mucosa, 5 of 

the largest vessels per quadrant (20 total) were measured for Ø
bv

 and averaged 

to represent the mean Ø
bv

 in each frame. 

For each parameter (Fd, angioarchitecture, TCD, FCD, MFI, and buccal 

Ø
bv

) four datasets were obtained, analyzed at random by two independent 

investigators (I and III), and averaged to represent the measurement mean at 

each targeted ROI.

Statistical analysis
Based on a two-tailed independent-samples t-test, a total sample size of 60 

(N=30 per group) was computed with an alpha set at 5%, a power of 90%, and 

a large effect size of 0.86. Normality distribution of all data parameters was 

assessed by the Shapiro-Wilk test. Comparisons between irradiated and healthy 

tissue capillary density and Ø
bv

 were examined using an independent-samples 

t-test. As only Fd data was not normally distributed, the Mann-Whitney U test 
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was used for this data. IBM SPSS Statistics software package (IBM® SPSS® 

Statistics version 24, IBM Corp. Armonk, NY, USA) was used to perform all 

data analyses. All data are presented as means±standard deviation (SD) and 

significance level was confirmed if p-values were <0.05.

RESULTS

Both patients and control subjects easily complied with microcirculation 

measurements, as they were noninvasive and painless. Even patients that 

experienced preexisting discomfort associated with their underlying pathology, 

such as trismus, were able to tolerate the measurements well. Patient and 

control participant demographics and hemodynamic parameters are presented 

in Table 1. The images acquired with the CC were of excellent quality as the 

buccal and gingival tissues were able to provide sufficient contrast with the 

microcirculation to gain clear high-resolution images (CC brightness=450 in all 

measurements). Four clips were obtained per ROI (16 total) in each participant, 

a total of 960 clips were analyzed in this study.

Table 1. Patient and control demographics and hemodynamic parameters for 
controls.

Patient demographics [N=30] Mean SD

Age [yrs] 61 ± 10

Gender [F:M] 8:22

Dental status [edent.:dentate] 9:21

Site of radiation N (%)

Oral cavity 10 (33%)

Oropharynx 8 (27%)

Hypopharynx 1 (3%)

Nasopharynx 4 (13%)

Larynx 5 (17%)

Other 2 (7%)

Oral lesion presence 5 (17%)

Co-morbidities N (%)

Diabetes 1 (3%)

Hypertension 3 (10%)

COPD 3 (10%)
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Table 1. Continued

Patient demographics [N=30] Mean SD

Intoxication N (%)

Smoking history 4 (13%)

Cancer therapy N (%)

Chemoradiation 12 (40%)

Only RT 18 (60%)

Mean RT dosage buccal mucosa [Gy] 34 ± 12

Mean RT dosage gingiva [Gy] 49 ± 17

Time since RT [yrs] 4 ± 5

Healthy controls [N=30] Mean SD

Age [yrs] 51 ± 4

Gender [F:M] 11:19

Dental status [edent.:dentate] 0:30

Basic hemodynamics

HR [bpm] 73 ± 2

SBP [mmHg] 132 ± 14

DBP [mmHg] 82 ± 8

MAP [mmHg] 99 ± 9

COPD = chronic obstructive pulmonary disease; DBP = diastolic blood pressure; HR = heart rate; MAP = 
mean arterial pressure; RT = radiation therapy; SBP = systolic blood pressure; SD = standard deviation

Angioarchitecture
Buccal and gingival angioarchitecture classifications are presented in 

Figure 1. Only class 1 was observed in control subject tissues. Irradiated sites 

presented all class types [Table 2]. Sample images of healthy buccal and 

gingiva microcirculation are presented in Figure 2. The observed differences 

in irradiated buccal mucosa were altered capillary loops with telangiectasia-

like (ballooning) and loss in normal arrangement of capillary loop organization 

[Fig. 3]. All observed pathologic microvasculature appeared hemodynamically 

functional with good blood circulation present in all vessels of the buccal 

mucosa and gingiva.
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Figure 1. Classification of angioarchitecture in images obtained from buccal mucosa and mandibular 
gingiva in HN irradiated cancer patients: class 1 (only capillary loops), class 2 (both capillary loops and 
vascular network) (supplementary videoclip available online), and class 3 (vascular network without any 
loops).

Figure 2. Sample images of normal (non-irradiated) tissue from the buccal mucosa (A) and mandibular 
gingiva (B) in control subjects.

Table 2. Classification of angioarchitecture of the buccal mucosa and mandibular gingiva in controls and 
HN irradiated (RT) patients: class 1 (only capillary loops), class 2 (both capillary loops and vascular 
network) and class 3 (vascular network without any loops).

Buccal mucosa Mandibular gingiva

Control RT Control RT

Class 1 100% 77% 100% 64%

Class 2 0% 18% 0% 34%

Class 3 0% 5% 0% 2%
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Figure 3. Typical CytoCam images illustrating alterations in irradiated buccal mucosa in HNCP. 
Telangiectasia or ‘ballooning’ of vessels (black arrows) can be seen in panels A-D and F, chaotic 
arrangement and malformation of loops can be observed in panels C-E with panel E demonstrating in 
one case an intense combination of telangiectasia with irregular capillaries and chaotic microvascular 
(supplementary videoclip available online). The black arrows in panel F show distinctly the ‘ballooning’ 
phenomenon in the subepithelial capillary loops (supplementary videoclip available online). Similar 
observations matching microvascular irregularities (black arrows) from panel A and F were also 
presented by Tsuya et al. in atomic bomb survivors.30 

Capillary density and blood vessel diameters 
Table 3 summarizes the distribution of registered Fd and the data for capillary 

density and buccal Ø
bv

. Mean buccal and gingiva TCD was equal to FCD in both 

control subjects and HNCP, there were no observed difference in hemodynamic 

functionality in vessels. A statistically significant decrease in mean FCD in 

irradiated mandibular gingiva was found compared to control gingiva, 34±17 

cpll/mm2 vs. 68±19 cpll/mm2 (p<0.001) respectively. No significant difference 

was found between irradiated edentulous and dentate gingival FCD.  

Irradiated buccal mucosa presented in general a larger mean Ø
bv 

of 16±3 

mm vs. 14±1 mm for control buccal mucosa (p<0.001). No significant difference 
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in mean buccal FCD was found between control subjects (20±5 cpll/mm2) and 

irradiated buccal mucosa (19±7 cpll/mm2). MFI was 3 (continuous blood flow 

present) for both buccal and gingival microcirculation in both groups. 

Table 3. Summary of focus depth (Fd) and microcirculation measurement for both control and irradiated 
tissue (RT). Data is presented in means±SD. 

Buccal mucosa Mandibular gingiva

Control RT Control RT

Fd [μm] 197 ± 39 157 ± 54* 147 ± 40 123 ± 53

TCD [cpll/mm2] 20 ± 5 20 ± 7 68 ± 19 34 ± 17*

MFI [AU] 3 ± 0 3 ± 0 3 ± 0 3 ± 0

Øbv
[μm] 14 ± 1 16 ± 3*

MFI microvascular flow index, TCD total capillary density, Ø
bv 

blood vessel diameter *p<0.001 vs control.

DISCUSSION

The purpose of this study was to examine the feasibility of a chairside approach 

in detecting and measuring late microvascular irradiation pathology in the oral 

mucosa of HNCP. Differences in microcirculatory parameters, such as capillary 

density and Ø
bv

, between healthy and irradiated tissue can be easily detected 

using the CC, demonstrating its clinical applicability for chairside patient 

assessments. The results suggest no altered microvasculature morphology 

occurred in irradiated mandibular gingiva although a generalized reduction in 

gingival FCD was present. Despite the close proximity between the gingiva and 

buccal mucosa, FCD of the buccal mucosa was relatively unhindered despite 

angiomorphologic differences. 

Reduced vascularity due to fibrosis is a known long-term adverse effect 

after therapeutic RT.3,32 Several techniques (biopsy, transcutaneous oxygen 

measurement, LDF) have been applied in the past to study this phenomenon in 

oral and cutaneous tissues, but inconsistent findings were reported. Doll et al. 

found a decrease of blood flow in irradiated skin of breast cancer patients and 

a normalization after 36 months compared to control sites using LDF.12 Another 

study, using cutaneous laser Doppler, reported increased subcutaneous 

microcirculation associated with thermal stimulation in irradiated breast skin 

compared to a non-irradiated contralateral side 10; the investigators argue 
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that these observations in the RT area could be a result of impairment of 

endothelial function and telangiectatic neocapillaries. Transcutaneous oxygen 

pressure was reported unaffected after irradiation even after several years.24 

Histopathologic studies reported vascular loss and fibrosis over time after RT in 

HNCP.7,22,25 Irradiated HNCP oral mucosal punch biopsies (3 mm cross-sectional 

thickness) showed that vessel lumen diameters in buccal mucosa did not differ 

in subepithelial capillaries, whereas a marked increase in vascular lumens in 

deeper connective tissue was observed.22 Interestingly, our results indicate that 

patterns of angioarchitecture can be used to identify (subclinically) epithelial 

thickness changes such as atrophy. A difference between control tissue 

and irradiated tissue was observed, indicated by a decreased Fd paired with 

epithelial atrophy represented by class 3 angioarchitecture in irradiated tissue 

vs. an increased Fd and intact epithelium with class 1 capillary loop patterns 

in control tissue. The findings from our study confirm a loss in capillary loops 

in buccal mucosa, represented by a class 3 angioarchitecture, and a marked 

increase in Øbv
 was measured in irradiated buccal mucosa compared to healthy 

mucosa. Our results confirm previous histopathological observations.7,22,25 

The presence of flow is potentially necessary to discover increases in lumen 

diameter that are otherwise overlooked in histologic specimens; for this reason, 

in vivo measurements are most veracious in reflecting actual pathology.

A clear observation during the assessment of irradiated tissue 

microcirculation in this study was the manifestation of telangiectasias [Fig. 3]. 

In other studies, telangiectasias were frequently described in different areas 

of irradiated cutaneous tissue and were attributed to impaired vasoregulatory 

mechanisms that resulted in altered hemodynamics and stasis.2,22,23 The 

observed distended vascular effect might be due to breakdown of downstream 

capillaries 23 and the potential irradiation damage to small diameter nerves 

that regulate blood flow distribution.2 Another proposed pathophysiological 

mechanism associated with RT is that the radiation injured endothelial cells 

and oxygen deprived extracellular environment around capillaries stimulate 

proliferation of neocapillaries of irregular calibers and morphology.2 Figure 3 

(panels e and f) illustrates potentially an example of such an oxygen deprived 

site as described by Baker et al. showing disorganized, irregularly formed 

capillaries. Interestingly, early in the 1950s in atomic bomb survivors similar 

distorted loops in the labial mucosa was observed using intravital microscopy.2 
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To our knowledge, Davoudi et al. performed the first clinical study 

that considered in vivo oral microcirculation parameters by looking at late 

irradiation effects. The investigators presented their concept using DOCT and 

svOCT for the first time to investigate blood flow and morphology parameters 

and demonstrated technical feasibility by comparing data of one late radiation 

toxicity patient to a healthy volunteer. Their data showed a significantly higher 

blood flow velocity (×1.8) and increased vessel volume density in irradiated 

tissue. Although it can be an advantage to measure blood flow and create 

reconstructed 3D images, the clinical application of DOCT and svOCT is currently 

cumbersome.8

Discrepancies in reports regarding microcirculatory alterations after RT 

make it difficult to compare data between studies directed at understanding 

the adverse effects of HN irradiation. Standardized data acquisition procedures 

are necessary for providing reliable clinical assessments of irradiation-induced 

side effects and facilitates identifying correlations associated with different 

pathologies, i.e. mucositis, atrophy and tissue necrosis. Ideally a future scoring 

system should include systematic clinical assessments of irradiation injury 

severity based on microcirculatory parameters. 

A limitation of this study was not correlating microcirculatory parameters 

to clinical pathology. In our study, 5 (17%) out of 30 patients presented with 

oral lesions, unfortunately these numbers are too small to detect any robust 

correlations. Comparing microcirculatory parameters of irradiated tissue with 

no clinically visible signs of pathology and tissue with clinical pathology (e.g. 

ulceration, dry mouth, osteoradionecrosis) could expose a transition phase in 

microcirculation between the two. Identifying microcirculatory differences in 

this transition phase could offer a window of opportunity in which potential 

adjunctive therapies (e.g. hyperbaric oxygen therapy) could ameliorate 

altered irradiated tissue states. As a clear difference in oral microcirculatory 

parameters between irradiated tissue and control tissue was presented in 

this study, further research should be aimed at exposing this microcirculatory 

transition phase between irradiated tissue with and without clinical pathology 

in which the CytoCam can serve an important diagnostic role for monitoring 

microcirculation parameters at patient side.

Next to the opportunity for determining tissue state in a chairside setting, 

therapy can be targeted towards these subclinical parameters and equally 

monitored for treatment response. In this light, it is important to describe 

the microcirculation to further identify its value as a clinical parameter. 
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Inasmuch as microvascular pathologies are studied, it must be considered 

that systemic conditions such as hypertension and diabetes mellitus may 

increase adverse effects on microcirculation since vascular health is already 

potentially compromised. Comorbidities should therefore be reported as has 

been performed in this study. To this end, it can be argued that in our study no 

distinction was made between patients that received chemoradiotherapy (CRT) 

or RT alone. Although the effect of CRT on long-term side effects is not entirely 

clear, a systematic review conducted by Nabil et al. found no increased risk of 

ORN compared to only RT.21 However, subtle effects on the microcirculation 

might be overseen when no distinction is made. With respect to ORN, the 

measurements in this study were only conducted on the mandibular gingiva. 

The rationale behind this restriction in site lies in the higher prevalence of 

ORN in the mandible due to differences in blood perfusion compared with the 

maxilla.16,21 Moreover, HNCP referred for hyperbaric oxygen therapy had a higher 

prevalence of irradiation on the mandible due to the highest predilection of 

HN squamous cell carcinoma on tongue and the floor of the mouth.31 Another 

interesting point to consider is that dental status may be an influencing factor 

on gingival capillary density as edentulous areas may differ compared to 

dentate areas. The role of plaque accumulation and microorganism load may 

further influence gingival capillary density. Currently, no data linking gingival 

capillary density measurements and microbial status and/or edentulous vs. 

dentate areas exist. Further microcirculatory investigations are warranted 

before insightful conclusions can be drawn.

CONCLUSIONS

This study shows the clinical feasibility in detecting tissue-specific 

microcirculatory alterations in irradiated oral tissues in HNCP. Unique to this 

study is the capability of subclinically measuring reduced capillary density and 

large blood vessel diameters in HNCP in relation to late irradiation pathology. 

Further studies should be aimed at developing a systematic scoring system for 

identifying the severity of late microcirculatory irradiation damage in correlation 

with clinical radiation injury. Describing in vivo parameters of different stages 

of disease could be more valuable if microcirculatory measurements were 

included to support diagnosis involving pathophysiological processes and 

evaluations of therapeutic efficacy.
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ABSTRACT 

Objectives: Late side effects of radiotherapy in head and neck cancer 

patients (HNCPs) result in long-term decreased tissue vascularity and 

a compromised healing capacity. The aim of this study was to examine 

the in vivo effect of hyperbaric oxygen therapy (HBOT) on the individual 

vessels of the microcirculation in irradiated oral tissue.

Materials and methods: Using a handheld vital microscope system the 

effect of HBOT on oral mucosal microcirculation parameters concerning 

microvascular flow index, gingival and buccal vessel density and buccal 

vessel diameter were measured in 34 previously irradiated HNCPs. 

Measurements were obtained prior to HBOT (T0) and then at 4 weeks 

(T4) and 24 weeks (6 months; T24) posttreatment.

Results: A significant increase in mean buccal vessel density and 

decrease in buccal vessel diameter was found 6 months after HBOT (T24) 

compared to baseline (T0), 22±11 cpll/mm2 vs. 25±7 cpll/mm2 (p<0.05) 

and 20±4 mm vs. 16±5 mm (p<0.05) respectively. Altered microvascular 

morphology was observed to be present throughout all time points.

Conclusion: Our results indicate that microcirculation histopathology 

associated with late irradiation injury in oral mucosa is able to respond 

to HBOT by redirecting oral microcirculation parameters towards values 

consistent with healthy tissue.
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INTRODUCTION

Late radiation tissue injury (LRTI) is an inevitable and potentially progressive side 

effect that becomes clinically apparent after 6 months to years and is associated 

with radiotherapy (RT) in the treatment of cancer. Tissue hypoxia that results 

from RT-induced vascular hypoperfusion has a negative effect on the quality 

of tissue and prevents an adequate healing response after tissue injury or elicits 

spontaneous breakdown. This can ultimately lead to necrosis of bone, cartilage 

and soft tissues which are difficult to treat conditions. Consequently, functional 

and aesthetic problems can arise that have a major impact on quality of life.7,16 

It is difficult to make a prediction on whether and when late irradiation (IR) side 

effects will occur and evolve to clinical pathology as the degree of acute effects 

does not correlate with the severity of late effects.5,23,39 However, fraction dose 

and individual patient related factors are identified as potential risk factors.8,21,30 

The underlying detrimental effects of LRTI only become clinically evident when 

tissue breakdown occurs with no tendency to heal.

Hyperbaric oxygen therapy (HBOT) is directed at improving IR tissue 

quality by increasing oxygen tension in hypovascular tissues to promote 

neoangiogenesis.10,18 Although several studies show beneficial effects of 

HBOT on IR HN tissue, the mechanisms remain largely elusive and very limited 

evidence for preventing and managing ORN exists.4,26 However, administering 

HBOT is often used curatively or prophylactically in IR tissues and the existing 

treatment protocols are still based on research performed in the 1970s.26 In 

2019 the first randomized controlled trial was published in the HN region in 

which data based on 100 patients showed a low occurrence rate of mandibular 

ORN 6 months after dentoalveolar surgery in both the HBOT group and the 

control group (6.4 % vs. 5.7 %); such results would not justify an indication 

of HBOT to prevent ORN after dentoalveolar surgery. However, it remains 

uncertain whether iatrogenic trauma causes or accelerates tissue breakdown 

that would otherwise emerge on the long-term due to poor tissue quality as a 

result of IR.25 

Microcirculation monitoring can give insight in the pathophysiology of 

LRTI and provide functional and anatomic feedback on treatment effects 

of supporting therapies. Recently the late effect on oral microcirculation 

parameters was measured in IR oral mucosa when compared to healthy oral 

mucosa in a chairside setting using a CytoCam (CC) microscope system based 
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on incident dark-field illumination imaging (IDFI). Large vessel diameters in 

buccal mucosa and a reduction in vessel density in mandibular gingiva was 

observed and morphologic observations showed telangiectasias in the oral 

mucosa consistent with injured microvascular endothelium.12 The in vivo net 

effect of HBOT over time on reconstitution of adequate tissue perfusion and 

tissue vitality associated with irradiated oral tissue has not yet been elucidated 

on the level of individual vessels. In this study the aim was to monitor in vivo the 

effects of HBOT prospectively on irradiated oral microcirculation with the use 

of the CC microscope system. We tested the hypothesis that HBOT redirects 

microcirculation parameters such as functional capillary density (FCD), blood 

vessel diameters (Øbv)
 and angiomorphology towards levels corresponding with 

healthy tissue.

MATERIALS AND METHODS

A prospective observational study was conducted between November 2014 and 

July 2017 in the Department of Hyperbaric Medicine and the Department of Oral 

and Maxillofacial Surgery of the Amsterdam University Medical Centre (UMC), 

location AMC. The institutional medical ethics committee of the Amsterdam 

UMC/AMC (Ref. Nr. NL49017.018.14) approved all procedures and guidelines of 

the study, which were performed in accordance with the principles established 

in the Declaration of Helsinki (Fortaleza, October 2013). 

Patients 
Head and neck cancer patients (HNCPs), previously treated with RT, that were 

referred to the Department of Hyperbaric Medicine for either prophylactic 

or therapeutic HBOT indications were included in this study. Inclusion criteria 

were a minimum dose of 50 Gy RT received >6 months prior to participation. 

Exclusion criteria were surgery in the HN region or HBOT 6 months previous 

to the study and severe trismus preventing adequate mouth opening for 

measuring intraorally. Furthermore, patients that received <20 HBOT sessions 

in total were excluded from the study. History of general health and IR-dose 

was acquired from medical records after patient approval. Smoking status was 

based on information provided by the patient. Dentate or edentulous state was 

noted. 
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HBOT
Hyperbaric treatment sessions were carried out in a multiple person hyperbaric 

chamber and had a total duration of 110 min; 100% oxygen was administered 

through an oronasal mask during 75 min total at 2.4 ATA.34 HBOT was planned 

on weekdays from Monday to Friday. Patients receiving HBOT sessions 

concerning pre-extraction osteoradionecrosis prophylaxis (20 sessions prior 

and 10 sessions postoperative, total of 30 sessions) and patients receiving 

HBOT therapeutically (>20 sessions) were pooled.

Microvascular imaging
To visualize the oral microcirculation a CytoCam (CC) Microscope System 

(Braedius Medical, Huizen, The Netherlands) was used; details on this vital 

handheld imaging instrument are described elsewhere.1,15,20 In brief, a clear and 

high-resolution image (14-megapixel, 25 fps) with a field of view (FOV) equal 

to 1.55x1.16mm (1.80 mm2) is created of the microcirculation displaying the 

lumen of blood vessels filled with dark circulating erythrocytes contrasted by a 

bright background. A medical PC (Braedius Medical, Huizen, The Netherlands) 

is connected with the CC which is set with the CCTools software (CytoCamTools 

Camera Manager v1.7.12, Braedius Medical, Huizen, The Netherlands) for camera 

operation and video data processing.

Measurement procedures 
Microcirculation measurements were performed at baseline (T0), 4 weeks 

after start of HBOT (T4) and 24 weeks (6 months) after start of HBOT (T24). 

The measurement procedures followed protocolled patient instruction 

and microscope handling as described in a previous study of our group.12 An 

allocated examination room maintained at a constant 20±2°C was used for 

performing the microcirculation measurements at all time points. A trained 

investigator (RH) performed all measurements together with an assistant (NFS) 

who controlled the CC PC to adjust contrast, focus and focal depth (Fd; mm) 

and recorded the images. Four regions of interest (ROIs) were measured: the 

left and right cheek parallel to the upper premolar region and the left and right 

gingiva in the lower premolar region. In each region 4 different clips of 4 s each 

were recorded of adjacent sites. The average of the 4 clips represented the ROI.   
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Data analysis
The CCTools software was used to export image recordings in .avi file format. The 

following parameters were analyzed form the exported clips: Fd, classification 

of angioarchitecture, total and functional capillary density (TCD and FCD 

respectively), microvascular flow index (MFI), and buccal blood vessel diameter 

(Ø
bv

). Angioarchitecture was divided into 3 class types 38: an array of capillary loops 

(score 1), both capillary loops and vascular network (score 2) and vascular network 

without any loops (score 3). Frame selection for capillary density assessment was 

based on clarity, resolution and the absence of pressure artifacts.2 To determine 

TCD and FCD the capillary loops in each frame (area of 1.80 mm2) were counted. 

At completion of the density dataset the results were divided by 1.80 to convert 

to mean number of capillaries per millimeter squared (cpll/mm2). The type of 

flow per quadrant was described using the MFI scoring system: absent (score 

0), intermittent (score 1), sluggish (score 2), or normal (score 3).6 Blood vessel 

diameter (Ø
bv

) was analyzed in Adobe Photoshop (Adobe Photoshop CC 2020, 

Adobe Systems Incorporated, San Jose, California, USA) using a digital overlay 

diameter measuring tool (containing magnitudes of 5, 10, 20, 30, 40 and 50 

mm) that was previously described elsewhere.12 The diameter magnitude of the 

5 largest vessels per quadrant (20 total) were measured and averaged as Ø
bv 

per frame. Vessel morphology was screened throughout all time points for IR 

induced alterations in the form of telangiectasias and/or disorganization of vessel 

loops. An intraclass correlation coefficient of 0.982 (p<0.001) was computed 

from a sample subset of data on buccal and gingiva FCD to ascertain interrater 

reproducibility agreement between examiners (RH, NFS, and DMJM). Remaining 

datasets were randomized and analyzed at random for each parameter (Fd, 

angioarchitecture, MFI, and buccal Øbv
) by the same investigator (RH).

Statistical analysis
Previous capillary density mean comparisons between healthy and irradiated 

oral mucosa demonstrated a large effect size of 0.86.12 In the present study 

comparative analysis of capillary density between each time point was 

performed using generalized linear model approach. With a total sample size 

of 32, a single-group repeated measures analysis of variance (ANOVA) with 

a 5% significance level has an 80% power to detect an effect size of 0.22. 

Finally, 34 patients were included in this study [Fig. 1]. Normality distribution 

of all data parameters (FCD, TCD, Øbv
, Fd) was assessed by the Shapiro-Wilk 

test. Based on the outcome of the Shapiro-Wilk test, repeated measures 
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ANOVA or Friedman test was used to detect overall time effects. Significant 

main effects were subsequently analyzed using paired samples t-test with 

Bonferroni correction. A linear regression analysis was performed to detect 

whether (previous) smoking, chemotherapy or dentition state (dentate vs. 

edentulous) had a significant association on the outcome of microcirculation 

parameters. McNemar test was used to check whether proportion of healthy 

tissue (class I type angioarchitecture) was significant different over time. 

Descriptive and statistical analyses were performed using the SPSS Statistics 

software package (IBM SPSS Statistics version 27, IBM Corp. Armonk, NY, USA). 

All data are presented as mean ± standard deviation (SD). A p-value of <0.05 

was considered statistically significant.  

Figure 1. Patient selection flowchart.

RESULTS

The noninvasive oral microcirculation measurements were well tolerated by all 

patients and no pain or discomfort was experienced or reported. Radiation dose, 

indications for HBOT (prophylactic or therapeutic) and patient demographics 

are presented in Table 1. Microcirculation image quality recorded from the 

buccal and gingival tissue with the CC was excellent with sharp high-resolution 

and sufficient contrast (CC brightness=450 in all measurements) to observe the 
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tissue microvasculature and luminal blood flow. 16 clips were acquired from 

each patient, 4 clips per ROI. A total of 1632 clips were analyzed. No significant 

difference in Fd was observed between the time points [Table 2]. 

Table 1. Patient demographics.

Patient demographics [N=34] Mean SD
Age [yrs] 59 ± 12

Gender [F:M] 12:22

Dental status [edentulous:dentate] 10:14

Co-morbidities N (%)

Diabetes 1 (3%)

Hypertension 2 (6%)

COPD 2 (6%)

Intoxication

Smoking history 4 (12%)

Smoker 8 (24%)

Cancer therapy

CRT 14 (41%)

Only RT 20 (59%)

Site of radiation

Oral cavity 12 (35%)

Oropharynx 12 (35%)

Hypopharynx 0 (0%)

Nasopharynx 4 (12%)

Larynx 2 (6%)

Other 4 (12%)

Oral lesion presence 9 (26%)

RT

Mean RT dosage buccal mucosa [Gy] 38 ± 13

Mean RT dosage gingiva [Gy] 51 ± 12

Time since RT [yrs] 4 ± 5

HBOT N (%)

Prophylactic indication 16 (47%)

Therapeutic indication 18 (53%)

Number of sessions 32 ± 7

CRT chemoradiotherapy; COPD chronic obstructive pulmonary disease; HBOT hyperbaric oxygen 
therapy, RT radiotherapy; SD standard deviation
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Table 2. Focus depth during CytoCam microcirculation measurement. Data is presented in means±SD.

Buccal angioarchitecture Gingival angioarchitecture

T0 T4 T24 T0 T4 T24

Focus depth [μm] 136 ± 74 146 ± 70 141 ± 53 130 ± 52 116 ± 57 84 ± 95

Angioarchitecture
Temporal classification of buccal and gingival tissue angioarchitecture is 

presented in Table 3. Overall, the proportion of class 1 angioarchitecture 

increases overtime although no significant difference was detected (p>0.05). 

Table 3. Classification of angioarchitecture of the buccal mucosa and mandibular gingiva in HNCP; class 
1 (only capillary loops), class 2 (both capillary loops and vascular network) and class 3 (vascular network 
without any loops). 

Buccal mucosa Mandibular gingiva

T0 T4 T24 T0 T4 T24

Class I 59% 74% 76% 79% 69% 81%

Class II 37% 26% 24% 17% 31% 19%

Class III 3% 0% 0% 4% 0% 1%

Vessel morphology
Altered vessel morphology associated with IR, i.e. telangiectasias in the form 

of distortion or “ballooning” of vessels loops, was observed at all time points 

in both buccal and gingival mucosa. Furthermore, disorganization of vessel 

loops remained present at T4 and T24. Figure 2 illustrates images of these 

microvascular alterations in IR buccal mucosa. Normal (continuous; MFI=3) 

blood flow was present in all observed vessels. 

Capillary density and blood vessel diameters 
An overview of capillary density and buccal Ø

bv 
is presented in Table 4. Mean 

TCD and FCD was the same in all patients and no difference in MFI was 

observed. A statistically significant decrease in mean Ø
bv 

was found between 

T0 and T24 (20±4 mm vs. 16±5 mm) (p<0.001) and T4 and T24 (20±6 mm vs. 

16±5 mm) (p<0.05). No significant difference was detected in mean FCD of 

the mandibular gingiva between the time points T0, T4 and T24 (respectively 

33±16 cpll/mm2, 46±36 cpll/mm2 and 27±36 cpll/mm2). An overall statistically 

significant increase in mean buccal mucosa FCD was found overtime (T0: 

20±11 cpll/mm2, T4: 24±10 cpll/mm2 and T24: 25±07 cpll/mm2) (p<0.05). 
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Figure 2. CytoCam images illustrating microvascular alterations in IR buccal mucosa observed across all 
time points: morphologic alterations in the form of telangiectasias or “ballooning” of vessels (black 
arrows) at T0 (a), T4 (b) and T24 (c), disorganization, malformation and loss of vessel loops (encircled) at 
T0 (d), T4 (e) and T24 (f). As a comparison, similar to healthy buccal mucosa, an example of organized 
vessel loops of the buccal mucosa observed at T24 weeks (6 months) after start of HBOT (g).  

However, the difference between the time points was not significant in the 

post hoc analysis based on the Bonferroni correction. Sample images of buccal 

and gingiva microcirculation at baseline (T0), after 4 weeks (T4) and after 24 

weeks (6 months; T24) are presented in Figure 3. The difference in Ø
bv 

and 

FCD overtime was not statistically significant different between the following 

groups: (previous) smokers and non-smokers, patients that received CRT and 

patients that only received RT and between edentulous and dentate patients. 

An exception to this was a significantly higher Ø
bv

 at T4 that was observed in 

previous smokers compared to non-smokers (22±6 mm vs. 18±5 mm) (p<0.05). 

Having a history of smoking showed a significant increasing effect (p<0.05) on 

the change of Ø
bv

 between T0 and T4 (unstandardized coefficient B; B=3.88). 

MFI for both buccal and gingival microcirculations was scored as 3 (normal, 

continuous blood flow) throughout all time points.
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Table 4. Summary of microcirculation measurement in irradiated oral tissue (HNCP). Data is presented in 
means±SD. 

Buccal mucosa Mandibular gingival mucosa

T0 T4 T24 T0 T4 T24

FCD [cpll/mm2] 20 ± 11 24 ± 10 25 ± 7 33 ± 16 46 ± 36 26 ± 36

MFI [AU] 3 ± 0 3 ± 0 3 ± 0 3 ± 0 3 ± 0 3 ± 0

ØBV
[µm] 20 ± 4 20 ± 6 16 ± 5*#

FCD: functional capillary density, MFI: microvascular flow index, Ø
bv: 

blood vessel diameter.
*p<0.05 vs. T4, #p<0.001 vs. T0.

Figure 3. CytoCam images illustrating buccal mucosa at T0 (a), T4 (b) and T24 (c) and mandibular gingival 
at T0 (d), T4 (e), and T24 (f). 

DISCUSSION

The aim of this study was to monitor (over time) the influence of HBOT on 

irradiated oral mucosal microcirculation in HNCPs using a vital handheld 

microscope system. The results indicate that HBOT may initiate changes to 

the IR oral mucosal microcirculation that shift in the direction of healthy tissue 

microcirculation values by raising vessel density and reducing vessel diameter. 

A general increase in FCD and a decrease in Ø
bv

 was observed in buccal mucosa 

6 months after the start of HBOT. Interestingly, no increase in FCD in mandibular 

gingival microcirculation was observed. Furthermore, morphological aspects 

associated with IR microvasculature (telangiectasias, disorganization and loss 
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of capillary loops) remained present after HBOT. Based on these findings, the 

hypothesis that HBOT redirects the examined microcirculation parameters 

towards levels corresponding to healthy tissue could only be partially supported. 

Late IR changes in oral microcirculation of HNCP show an increased vessel 

diameter in irradiated buccal mucosa compared to that of healthy, age-

matched control.12 In the present study a significant decrease of irradiated 

buccal mucosal Ø
bv

 was observed 6 months after HBOT, which indicates 

a trend consistent with previous measurements of Ø
bv

 in healthy buccal 

tissue.12 Additionally, the marginally increased percentage of buccal mucosal 

angioarchitecture to a class 1 was observed 6 months after HBOT which 

represents a gain of capillary loops akin to normal subepithelial anatomy. 

Unfortunately, the overall observed expression of class 1 angioarchitecture was 

not found to be significant after 6 months, nor was the difference in Fd. In our 

previous study, a described lower mean mandibular gingiva FCD in irradiated 

tissue compared to healthy tissue might drive the hypothesis of an increase in 

FCD after HBOT because of its alleged angiogenic potential.12 The data of the 

present study did not show a rise of FCD in the mandibular gingiva of HNCP 

in a follow up period of 6 months after start of HBOT. IR dose history showed 

that the mandibular mucosa received a higher mean dose compared to the 

mean dose received on the buccal mucosa. In the view of this finding, the 

microcirculation in the mandibular mucosa may have been injured to a greater 

extent and therefore be more difficult to resuscitate with HBOT. Furthermore, 

there is a great variability in individual response to HBOT of the mandibular 

tissue shown by the large standard deviations in FCD. This could also explain the 

varying individual efficacy of HBOT on the underlying etiopathology associated 

with ORN of the jaw. Although previous microcirculation measurements could 

not detect a significant difference in mean buccal FCD between irradiated and 

healthy tissue 12, the present study does show a significant increase in mean 

buccal FCD measured 6 months after HBOT.

Angiopathies such as telangiectasias has frequently been described in 

tissue that was subject to IR.3,12,13,22,23,35 Altered capillary loops, presenting as 

telangiectasia-like (ballooning) vessels, were observed at all time points after 

HBOT. Therefore, it cannot be concluded that HBOT is able to restore capillary 

loop vascular morphology and reverse pathology associated with microvascular 

endothelium. However, the degree of “ballooning” of vessels was effectively 

decreased after HBOT as represented by the measured decreased Ø
bv

. This 
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could suggest an adaptation in flow dynamics and intravascular pressures in 

which bulging would be limited in the oral microcirculation.

HBOT has shown to induce neoangiogenesis and increase vascularity in 

wound healing models and compromised tissues.11,14,27 Marx et al. described an 

eight- to ninefold increase in microangiographically determined vascular density 

after hyperbaric oxygen (20 sessions, 2.4 ATA) compared to both normobaric 

oxygen and air-breathing controls in an irradiated rabbit jaw model.18 Earlier, he 

described increased microvascular density when obtained and assessed before 

and after receiving HBOT (20 sessions, 2.4 ATA) in tissue biopsies of 50 irradiated 

HNCP.17 In another clinical study looking at buccal mucosal biopsies (3-4 mm 

depth) of 20 irradiated HNCP, blood vessel density was increased by HBOT 

after 6 months.31 Svalestad et al. also reported significant increase in blood 

flow after heat provocation at 3 and 6 months after HBOT when compared to 

controls. Furthermore, an increased oxygen tension was observed in facial skin 

after HBOT using transcutaneous oximetry.32 Transmucosal oximetry in ORN 

patients demonstrated an increase in gingival oxygen tension
 
values from a 

mean of 50% to a mean of 86% of the oxygen tension of healthy controls 

after HBOT (30 sessions, 2.4 ATA).36 In the present study the assessment of 

multiple microcirculation parameters (i.e., vascular function (flow), vascular 

morphology, angioarchitecture and vascular density) were captured using IDFI 

and the results revealed an increased mean FCD in irradiated buccal mucosa 6 

months after HBOT. 

Contradicting results were published by an experimental study that did not 

observe an effect of HBOT on histological vascular density in the irradiated 

mandibular skin of rats after different HBOT regimes (18 and 30 sessions, 2.5 

ATA) over a period of 12 weeks.28 Furthermore, an increased vessel diameter 

was noted after irradiation that did not change after HBOT. The results of the 

present study did show a reversible effect of HBOT on vessel diameter in buccal 

mucosa with a significant decrease towards healthy tissue values that appear 

consistent with datasets described in our previous study.12 It is possible that 

a delayed effect of HBOT is not detected in studies with a shorter follow up 

period. However, another experimental study did show histologically increased 

vascular density in irradiated salivary gland in a mouse model in a short period 

of 10 weeks after HBOT (20 sessions, 2.4 ATA).29 

There are some points of consideration concerning the present study. HNCP 

often have known comorbidities such as hypertension, diabetes mellitus and 
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often are (former) smokers. Awareness of the influence of these comorbidities 

and their compromising effect on the microvascular state and tissue perfusion 

ahead of enduring (chemo-) radiotherapy (CRT) should be considered and 

interpreted in context with clinical outcomes and potential supportive care. 

Measurable effects of (former) smoking and diabetes on oral microcirculation 

were previously described.9,24 The potential resuscitating effect associated with 

HBOT on late IR injury of the microcirculation could therefore be altered or 

even latent. The percentage of former smokers in this study was notably low 

compared with other reports and therefore might concern an underreported 

observation.19,33 However, our results did not show an association of former 

smoking and the effect of HBOT on microvascular IR injury over a period of 6 

months. Additionally, no significant difference in patients with CRT compared 

with RT alone was found between the time points for all microcirculation 

parameters. Another point of consideration is that the number of patients in 

this study are not sufficient to divide into subgroups based on comorbidities to 

extract potential subtle differences in adverse effects on the microcirculation. 

Furthermore, the maxillary gingiva was excluded from observation as 

prevalence of substantial IR on the maxilla was scarce in the HNCP that were 

referred for HBOT. A further explanation indicates that the highest predilection 

of squamous cell carcinoma in the HN region is on the tongue and floor of 

the mouth.37 Finally, although accumulation of plaque could hypothetically 

influence observed gingival capillary density, no significant association with 

edentulism and effect of HBOT on gingival FCD was detected in our study. 

 The present study reports a measurable effect of HBOT in the oral 

microcirculation of previously irradiated tissue. Future studies should be 

directed at correlating microvascular parameters to clinical appearance of 

IR tissue injury. Stages of emerging oral tissue necrosis linked to the state of 

the microcirculation should be identified and scored. Chairside appraisal of 

the oral microcirculation in an individual patient could determine in-vivo the 

severity of vascular IR injury that is present, monitor the efficacy of HBOT and 

consequently direct timing and duration specified to response of the oral tissue 

requiring supportive care or treatment. Therefore, monitoring microcirculation 

provides an opportunity to detect emerging pathophysiology in an early state 

so that supportive therapies could prevent progression of late IR tissue injury 

to the mutilating and difficult to treat ORN in the HN region. Time-consuming 

and (relatively) costly HBOT (~€5,000 - €10,000 per patient; average of 30 
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sessions) could only be committed to selected cases instead of the current 

potential overtreatment of the general patient population. At the same time 

a firm decrease in patient quality of life could be avoided by timely clinical 

monitoring and intervention.

In conclusion, the results of this study indicate that HBOT partially redirects 

irradiated oral mucosal microcirculation parameters towards healthy tissue 

state. This could ameliorate the healing capacity of the oral cavity and its 

surrounding tissues.  
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The pathophysiological process of LRTI remains a significant clinical problem 

and an ongoing topic of debate given the different theories discussed in the 

literature.1,5,8 Progression and degree of LRTI differs per individual and no scoring 

index based on (vascular) tissue state is available to classify the onset of tissue 

injury before clinical symptoms emerge. HBOT is being applied prophylactically 

prior to oral surgery to prevent disturbed healing in IR tissues, without solid 

evidence from the current literature and based on differing clinical judgement 

of the treating physican.13 For therapeutic indication, HBOT is administered in 

cases of tissue necrosis where deterioration is already in a far progressed state 

and therefore difficult to reverse. 

The work presented in this thesis aimed to extend knowledge on development 

and treatment of LRTI in oral tissue by elucidating the effects of RT and HBOT 

independently on the oral microcirculation. Additionally, the data aimed to 

provide more clarity regarding the effects and resuscitating potential of HBOT 

in previously IR oral tissues in HNCPs. Furthermore, the feasibility of using HVM 

devices (SDF and CC device) in chairside observation of HNCPs to identify RT 

and HBOT induced changes in the microcirculation was examined. 

NB and HB hyperoxia-driven microcirculatory changes
Supplemental oxygen is administered to treat tissues with inadequate oxygen 

saturation levels that are subject to infection or hypoxia due to an underlying 

pathology and suffer from compromised microvascular blood perfusion. HBOT 

additionally dissolves O
2
 in blood plasma due to pressure causing a higher 

oxygen tension aside from fully saturated hemoglobin in RBCs. The steep O
2
 

gradient next to distressed tissue promotes the forming of new capillaries aiding 

the vascularization process. An experimental model was developed in which 

sublingual microvascular alterations in response to hyperoxia under NB and 

HB circumstances was described (Chapter 2). SDFI has proven to be a feasible 

technique for continuous intrabarochamber microcirculation measurements. 

Furthermore, in healthy subjects the NB/HB hyperoxia-driven changes in the 

sublingual microcirculation were observed to be reversible and hyperoxic 

microvascular response (vasoconstriction) seemed absent in HB conditions 

as 
blood vessel diameter

 
did not alter compared to NB normoxia. The latter 

might indicate a beneficial physiological adaptation to maintain optimal tissue 

perfusion.
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HBOT and wound healing
In an experimental model it was demonstrated for the first time that continuous 

microcirculation measurements using SDF imaging enabled evaluating wound 

status by quantifying the vascular regeneration during the healing process 

over time. The results in Chapter 3 suggested that HBOT positively influenced 

vascular regeneration as indicated by the elevated FCD in surgically raised oral 

mucosal flaps in comparison to healing under normal conditions. The findings 

of this study support the available evidence that HBOT has a beneficial effect 

on vascularization and wound blood perfusion.7,11,12,14,16

Onset of late IR injury in oral mucosa and bone
LRTI develops in months to years after RT and the progression to tissue necrosis 

becomes clinically apparent when tissue breakdown occurs. Elucidating the 

onset of late microvascular IR injury might aid the early detection of tissue 

deterioration and thereby could promote early diagnosis and the effectuation 

of timely (preventive) therapies. In Chapter 4 a translational model was 

introduced that aimed to capture early microvascular alterations associated 

with the onset of late IR injury. Noninvasive and prospective (11 weeks after 

RT) measurements of the IR oral mucosal microcirculation with the use of the 

SDF-device did not show lasting microvascular density changes compared to 

baseline. However, when angiomorphology was considered, telangiectasias 

were clearly observed after a single dose of 30 Gy corresponding with post-IR 

microcirculatory effects as described in other scientific reports.2,9,10,15 Gradually 

with cumulative doses of 22.4 Gy, 26 Gy, 30 Gy and 32 Gy, histological changes 

developed that presented in the form of decreased vascularity, fibrosis of 

soft tissue and bone. Moreover, a single dose of 30 Gy histologically provoked 

necrosis of teeth and bone tissue and a lack of osteoblast lining (periosteum) 

was observed. These histological findings are in line with previous reports in the 

literature associated with ORN in human mandibles.4

The discrepancy between observations in oral mucosal microcirculation and 

the histological alterations in the underlying bone suggests that soft tissue 

microcirculation remains unhindered until LRTI progresses in the underlying 

bone. It might implicate a process where soft tissue secondarily succumbs to 

underlying bone necrosis. The histologically observed absence of periosteum 

might be a precursor to soft tissue ulceration. However, the model presented 
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in Chapter 4 may not have sufficiently undergone a time period to merit 

late irradiation injury in general and it might have been too early to observe 

evolution to the actual late phase in the microcirculation or to clinically develop 

bone exposure akin to ORN. The observed side effects after 5 weeks (reduced 

vessel density and decreased platelet count) might involve vascular alterations 

reflecting the onset of IR injury in a transition phase to late IR injury. Therefore, 

in future experimental studies the observation period should be prolonged 

and microvascular injury dose-response prevalence should be assessed by 

correlation of microcirculation alterations, microvascular morphology and 

histopathology with progression of IR side effects.   

Late IR induced oral microvascular changes 
The CC video microscope system, based on IDF illumination imaging, has 

shown to be feasible in examining and detecting late IR induced changes in 

the oral microcirculation. HNCPs that received RT at least 6 months prior to 

measurement show observable changes in their oral microcirculation that 

could be identified and quantified with a chairside assessment approach. 

The parameters that express the functionality of the microcirculation such 

as capillary density, morphology, vessel diameter and flow were captured by 

a simple outpatient clinic procedure that was well tolerated by the patients. 

A substantial advantage for in-vivo monitoring of the microcirculation is that 

the presence of flow presents the individual vessels in their functional status, 

which might reflect the vessel diameter and morphology more accurately 

than in a histologic specimen. The study presented in Chapter 4 confirms the 

decreased vascularity corresponding with general findings known to occur in 

irradiated tissue in the majority of previous studies.3,6,9 Compared to healthy 

oral tissue, angiomorphology changes were predominantly observed in buccal 

mucosa whereas decreased functional capillary density (FCD) was present in 

mandibular gingival mucosa. 

The observation of telangiectasias was a recurrent phenomenon in IR oral 

microcirculation in the studies presented in Chapters 4, 5 and 6, which 

were underreported in the literature by others2,9,10,15 and were attributed to 

compromised vasoregulation that affects hemodynamic function and results 

in blood stasis.2,9,10 
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Oral microcirculatory response to HBOT in HN cancer patients
The effect of HBOT on previously established late IR alterations in oral 

microcirculation was subsequently monitored prospectively in vivo with the use 

of the CC microscope system. The results presented in Chapter 6 indicate that 

HBOT partially redirects microcirculation parameters towards healthy tissue 

values by increasing vessel density and reducing vessel diameter. Although 

these observations might confirm the angiogenic potential of HBOT, the clinical 

relevance remains undetermined. To which extent IR oral tissue quality needs 

to be revived to be resistant to further breakdown and to successfully endure 

future surgical events remains unclear. In other words: when will the tissue 

arrive to the point of equilibrium that facilitates undisturbed wound healing 

and that is beneficial for future tissue stability? When this injury resistant state 

of tissue quality is well-defined, therapy can be adapted to this need and the 

efficacy of a therapy can be determined. 

FUTURE PERSPECTIVES 

Although RT and HBOT induced microcirculatory changes can be measured, 

they have not yet been correlated to clinical findings. Future studies should 

be focused at grouping patients in categories based on clinical symptoms 

(for example: no clinical signs, soft tissue ulceration, stages of ORN) and total 

received RT dose and subsequently correlate these to observed microcirculatory 

parameters. Comparing the mean values of these microcirculatory parameters 

between groups and development of an additional scoring system could 

eventually aid in pinpointing stages of emerging disease and expose a 

transition phase between no clinical appearance and clinically visible IR 

pathology. Exposing a transition phase to clinical pathology could offer a 

window of opportunity for timely tissue supportive treatment (e.g., HBOT, 

pharmacologic management) and aid in the selection of patients that are in 

need of treatment. Furthermore, chairside monitoring of microcirculation tissue 

state (underlying vascular status) during therapy could enhance knowledge on 

treatment response and desired duration of treatment based on therapeutic 

efficacy (optimalization of treatment protocols). With accurate patient 

selection for HBOT the general patient population is alleviated from potential 

overtreatment with lengthy and expensive therapy (approx. €5,000 - €10,000 
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per patient; average of 30 sessions) that lacks an indisputable scientific basis 

for the prevention and treatment of ORN and is itself not free of side-effects 

(temporary visual problems, Eustachian tube problems, claustrophobia and 

seizure).17 Furthermore, cost-efficacy of HBOT could be determined when true 

indication and efficacy of treatment are identified. 

The CC has proven to be clinically feasible for chairside monitoring of the 

microcirculation. However, quantification of the microcirculation parameters 

is time consuming and future development of fully automated chairside 

assessment with instant value calculation of oral microcirculation parameters 

could aid in the previously described objectives for stage of tissue pathology 

appraisal and evaluation of efficacy of therapy.  

In conclusion, this thesis revealed that microcirculatory changes can be 

measured and attributed to RT and HBOT. HBOT has shown to partially 

redirect microcirculatory parameters in IR tissue towards healthy tissue values. 

Development of a future scoring system for “late radiation microcirculation 

injury” in oral mucosa would additionally benefit and sharpen the understanding 

of the pathophysiology related to ORN. A chairside IR injury severity score 

of a patient’s underlying microvascular status could aid in patient selection 

and allocation timing and duration of HBOT or other microvascular tissue 

resuscitating therapies.  
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Radiotherapy (RT) plays an important part in the treatment of head and 

neck cancer patients. A late side effect of RT is the progressive process of 

reduced blood flow and fibrosis of the irradiated tissues, which can result in a 

compromised healing tendency. In an advanced stage this can lead to necrosis 

of soft tissue and bone (osteoradionecrosis). This process can emerge several 

months to years after radiotherapy, either spontaneously or after surgery 

or wounding. The patient’s health status and the amount of radiation dose 

influence the risk of late side effects. However, based on the previous, it is not 

possible to fully predict which individual patient will develop osteoradionecrosis 

over time.

Hyperbaric oxygen therapy (HBOT) is used both preventively and curatively to 

support healing in irradiated tissue. Previous research has shown that hyperbaric 

oxygen promotes blood flow in irradiated tissues. However, the precise working 

mechanism and the type of patients that benefit from therapy remains unclear.

Previous studies have shown that microcirculation assessment is of additional 

value in diagnosing diseases and predicting their course. With the use of 

“handheld vital microscopy” (HVM), an imaging technique in the form of a 

hand-held microscope, it is possible to image the microcirculation down to the 

level of the red blood cells and to assign a value to the density, diameter, blood 

flow and shape of the capillaries. The studies in this thesis were performed with 

the use of this technique.

Chapters 2 and 3 describe experimental studies which demonstrate that 

the effect of HBOT can be measured in the oral microcirculation directly 

(in a hyperbaric tank) and over time. It was observed that the direct effect 

of hyperbaric oxygen in the microcirculation (decrease in vessel density) is 

immediately restored upon return to normal pressure and oxygen (chapter 2). 

The usual vasoconstriction in response to higher oxygen tension was not 

observed under pressure in this experiment. This aberrant vascular response 

under pressure could facilitate oxygen transport to hypoxic tissues (e.g. chronic 

wound, irradiated tissue). In chapter 3, an experimental wound healing model 

investigates the effects of hyperbaric oxygen on the duration of wound healing 

in the mouth using repeated microcirculation measurements. A faster healing 
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tendency was observed in a group exposed to hyperbaric oxygen compared to 

a control group.

Subsequently, this thesis showed that changes in oral mucosal microcirculation 

of previously irradiated head and neck cancer patients are measurable and 

significantly different from oral mucosal microcirculation values   of healthy 

volunteers in the same age group (chapter 5). An additional study measured 

the effect of hyperbaric oxygen on these changes, observing a partial return 

to the values   of healthy oral mucosa six months after treatment (chapter 6). 

This confirms the previously reported observation in the literature that HBOT 

promotes blood flow. However, it remains unclear at what level of improvement 

in blood flow a clinical benefit is actually achieved: complete wound healing 

and the prevention of necrosis. Future studies that correlate the underlying 

status of the microcirculation with the development of clinical symptoms may 

contribute to early detection of the severity of late radiation damage. This way 

timely administration of HBOT could be applied and the effectiveness of the 

therapy could be monitored in the microcirculation. This way, an unnecessary, 

costly and extensive hyperbaric oxygen treatment could be spared to a part of 

the patients, while the therapy can be more accurately focused on a selection 

of patients who actually benefit from it.
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SAMENVATTING

Radiotherapie (RT) speelt een belangrijke rol in de behandeling van patiënten 

met hoofd-halskanker. Een late bijwerking van bestraling kan zich uiten in 

een progressief proces van verminderde doorbloeding en verlittekening 

(fibrose) van de bestraalde weefsels en hiermee zorgen voor een verminderde 

genezingstendens. In een ver gevorderd stadium kan dit leiden tot het 

afsterven (necrose) van weke delen en bot (osteoradionecrose). Dit proces kan 

gedurende maanden tot jaren na radiotherapie ontstaan, zowel spontaan als na 

een chirurgische ingreep of het ontstaan van een wond. De gezondheidsstatus 

van de patiënt en de hoogte van bestralingsdosis beïnvloeden het risico op late 

bijwerkingen. Echter is het op basis hiervan niet volledig te voorspellen welk 

individu na verloop van tijd osteoradionecrose zal ontwikkelen. 

Hyperbare zuurstoftherapie (HBOT) wordt zowel preventief als curatief 

toegepast ter ondersteuning van de genezing in bestraald weefsel. Uit eerder 

onderzoek blijkt dat hyperbare zuurstof de doorbloeding in bestraald weefsel 

bevordert. Het precieze werkingsmechanisme en welk type patiënt baat heeft 

bij de therapie blijft echter onduidelijk. 

Eerder onderzoek heeft aangetoond dat het monitoren van de haarvaten 

(microcirculatie) van aanvullende waarde is bij het diagnosticeren van ziektes 

en de voorspelling van het beloop daarvan. Met de toepassing van “handheld 

vital microscopy” (HVM), een beeldvormende techniek in de vorm van een 

handmicroscoop, is het mogelijk de microcirculatie in beeld te brengen tot 

op het niveau van de rode bloedcellen en een waarde toe te kennen aan de 

dichtheid, diameter, doorbloeding en vorm van de haarvaten. Met behulp van 

deze techniek zijn de studies in dit proefschrift uitgevoerd. 

Hoofdstuken 2 en 3 beschrijven experimentele onderzoeken die aantonen 

dat de effecten van HBOT te meten zijn in de orale microcirculatie op directe 

wijze (in een hyperbare tank) en in verloop van tijd. Hierbij wordt gezien dat het 

directe effect van hyperbare zuurstof in de microcirculatie (het afnemen van 

de vaatdensiteit) direct herstellen bij terugkeren naar normale druk en zuurstof 

(hoofdstuk 2). De gebruikelijke vasoconstrictie als reactie op een hogere 

zuurstofspanning wordt in dit onderzoek onder druk niet waargenomen. Deze 
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afwijkende vaatreactie onder druk zou het zuurstoftransport naar hypoxische 

weefsels (bijv. chronische wond, bestraald weefsel) kunnen faciliteren. In 

hoofdstuk 3 wordt in een experimenteel wondgenezing model gekeken naar de 

effecten van hyperbare zuurstof op de duur van de wondgenezing in de mond 

middels herhaaldelijke microcirculatie metingen. Hierbij werd een snellere 

genezingstendens geobserveerd in een groep blootgesteld aan hyperbare 

zuurstof in vergelijking met een controlegroep. 

Vervolgens heeft dit proefschrift aangetoond dat er veranderingen in 

de microcirculatie in het mondslijmvlies van in het verleden bestraalde 

hoofd-hals kankerpatiënten meetbaar zijn en significant verschillen van de 

microcirculatie waarden in het mondslijmvlies van gezonde vrijwilligers in 

dezelfde leeftijdsgroep (hoofdstuk 5). In een aanvullende studie is het effect 

van hyperbare zuurstof op deze veranderingen gemeten, waarbij een half 

jaar na behandeling een gedeeltelijke terugkeer richting de waarden van 

gezond mondslijmvlies wordt geobserveerd (hoofdstuk 6). Hiermee wordt 

de eerder in de literatuur beschreven observatie dat HBOT de doorbloeding 

bevordert, bevestigd. Echter blijft onduidelijk bij welke mate van verbetering 

van de doorbloeding ook daadwerkelijk een klinische winst behaald wordt: 

een volledige wondgenezing en het voorkomen van necrose. Toekomstige 

studies die de onderliggende status van de microcirculatie correleren aan het 

ontwikkelen van klinische symptomen kunnen mogelijk bijdragen aan een 

vroege detectie van de ernst van de late radiatie schade. Op deze manier zou 

HBOT tijdig kunnen worden toegepast en de effectiviteit van deze therapie 

gemonitord kunnen worden in de microcirculatie. Een onnodige, dure en 

intensieve hyperbare zuurstof behandeling kan op deze manier een deel van 

de patiënten bespaard blijven terwijl de toepassing nauwkeuriger gericht kan 

worden op een selectie van patiënten die er daadwerkelijk baat bij hebben. 
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