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Abstract

Purpose A high incidence of oral complications is asso-
ciated with chemotherapy (CT) treatment in cancer
patients; however, while knowledge into molecular mech-
anisms of their pathobiology continue to evolve, the direct
physiological effects of CT on oral tissue perfusion remain
unexplored. The aim of this investigation was to assess the
acute effects of CT on gingival microcirculation perfusion
by measuring gingival capillary density.

Methods Twenty female specific-pathogen free New
Zealand White rabbits were randomly divided into four
groups receiving four different intravenous dose levels of
cyclophosphamide, methotrexate, and fluorouracil (CMF).
Noninvasive measurements of gingival capillary density
were performed using sidestream dark-field (SDF) imaging
prior to and 30 min after CT treatment. Four rabbits
receiving saline solution were used as control animals.
Results Baseline gingival capillary density was
58 + 11 cpll/mm®, no significant differences in baseline
capillary densities between the groups were found. From
low to high dose CT, capillary density 30 min after CMF
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treatment increased in each group by 147, 5+£7,
13 + 18 and 20 =+ 13 cpll/mm?, respectively. Capillary
density increase was significant in the high-dose group. No
change in gingival capillary density was found in the
control group.

Conclusions Periodontal microcirculation perfusion had
increased 30 min after CT treatment as indicated by a rise
in gingival capillary density. Our results support the idea
that CT-induced microcirculatory response not only dili-
gently delivers but also saturates peripheral oral tissues
with antineoplastic agents by increasing surface area
exposure. This functional response of the microcirculation
to CT drugs may play a role in contribution to oral com-
plications and the treatment of oral tumors.

Keywords Capillary density - Chemotherapy -
Gingiva - Microcirculation - SDF imaging

Introduction

Chemotherapy (CT) has greatly improved the outcome of
cancer patients and is a mainstay for management of many
types of malignant neoplasms. However, a high incidence
of oral complications is associated with CT in cancer
patients [18] and despite ongoing research into the complex
pathobiology of these clinical side effects at the cellular
and molecular level, no information currently exists
depicting the changes in oral microcirculation during
cytostatic treatment. Hence, direct observation and quan-
tification of functional changes in the oral microcirculation
in relation to CT could provide useful information on
the effects of antineoplastic agents on mucosal perfu-
sion and its possible contributions to CT-associated oral
complications.

@ Springer



1048

Cancer Chemother Pharmacol (2009) 64:1047-1052

Previous studies, focusing on changes in oral microcir-
culation in dentistry and oral medicine have used a non-
invasive intravital imaging technique known as orthogonal
polarization spectral (OPS) imaging [13—15]. Recently an
improved imaging technique was introduced by our group
called sidestream dark-field (SDF) imaging [10], which is
currently being used in many animal and clinical studies
[3, 4, 16, 19, 21, 22] directed at exploring the clinical
significance of changes in microcirculation density and
perfusion.

The aim of this study was to test the hypothesis that
microcirculatory alterations occur as an early response to
CT. We developed an animal model to measure the dose-
dependent effects of CT on gingival microcirculation per-
fusion by measuring gingival capillary density prior to and
30 min after CT intervention using SDF imaging.

Methods
Animals

This study was reviewed and approved by the institutional
Animal Experimentation Committee of the Academic
Medical Center of the University of Amsterdam. Twenty-
four female specific-pathogen free (SPF) New Zealand
White rabbits (Harlan Netherlands BV, Horst, The Neth-
erlands) with a mean body weight of 3.0 £ 0.6 kg were
used in this study. The animals were housed in pairs in
large conventional cages in a light-controlled room kept at
22 £ 1°C with a relative humidity of 55 £ 10% and
received commercial feed pellets and water for consump-
tion ad libitum. All animals received a subcutaneous
injection of ketamine hydrochloride (Ketamine, Alfasan
International BV, Woerden, The Netherlands; 15.0 mg/kg)
and medetomidine hydrochloride (Domitor®, Pfizer Ani-
mal Health BV, Capelle aan den Ijssel, The Netherlands;
0.2 mg/kg) to achieve sedation for capillary density mea-
surements and administration of CT drugs. An intravenous
(IV) line was introduced into the marginal ear vein for the
indicated interventions; CT and 0.9% NaCl (saline) solu-
tion as described below. After administering the designated
interventions and measuring capillary density, the IV line
was withdrawn and an intramuscular injection of atipa-
mezole hydrochloride (Antisedan®, Pfizer Animal Health
BV, Capelle aan den Ijssel, The Netherlands; 1.0 mg/kg)
was administered to antagonize sedation.

Interventions
Based on clinically relevant antineoplastic therapy for

metastatic breast cancer from literature [1, 5, 6, 12] using
cyclophosphamide (600 mg/mz), methotrexate (40 mg/mz)
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and fluorouracil (600 mg/mz) (CMF), we initiated an
allometric analysis to determine CMF drug posologies for
the rabbit. To our knowledge, no drug dosages reflecting
CMF polychemotherapy used in routine clinical practice
have previously been described for systemic administration
in the rabbit. An allometric equation relating metabolic rate
and body weight was used: ¥ = a - W”, where Y represents
metabolic rate of the species of interest, a is a taxonomi-
cally dependent constant (allometric coefficient for pla-
cental mammals is 70), W is mass in kilograms (60 kg for
human and 3 kg for rabbit) and b is the allometric exponent
(0.75) [7, 9]. The animal groups were categorized
according to different dose levels of CMF as follows;
allometric dose (AD, n = 4), half of allometric dose (HD,
n = 4), a third of the allometric dose (TD, n = 4), quarter
of the allometric dose (QD, n = 8) and no CMF (control,
n=4).

Table 1 summarizes the treatment groups, drug dosages
and their corresponding animal populations. CMF CT,
cyclophosphamide (CTX) (Endoxan®, Baxter BV, Utrecht,
The Netherlands), methotrexate (MTX) (Emtrexate®,
Pharmachemie BV, Haarlem, The Netherlands) and
fluorouracil (5-FU) (Fluorouracil, TEVA Pharma BYV,
Mijdrecht, The Netherlands), or 0.9% NaCl solution was
administered for 3 min intravenously in each animal.
During the sequential administration of CTX, MTX, and
5-FU, a total of 4.0 ml of sterile saline solution was
distributed evenly between each cytostatic drug bolus. For
the control animals, saline solutions equivalent to CMF
plus 4.0 ml was administered.

Microcirculation imaging technology

Gingival microcirculation imaging was performed using
SDF technology (Microscan Video Microscope System,
MicroVision Medical, Amsterdam, The Netherlands) [8,
10, 17]. This noninvasive intravital imaging technique is
incorporated into a handheld video microscopy instrument
and operates by illuminating the tissue of interest using
concentrically positioned light emitting diodes (LEDs)
placed around the exterior tip of a central light guide. In
this way, the illuminating light source is optically isolated
from the detection light path in the core of the light guide,
thus preventing image contamination by tissue surface
reflections. The LEDs emit light at a wavelength of
530 nm, which corresponds to an isosbestic point in the
absorption spectra of oxy- and deoxyhemoglobin. By
using this wavelength, sufficient optical absorption by
hemoglobin in the red blood cells is ensured regardless of
oxygenation state. All imaging was performed using a 5x
objective that was captured by video camera with a
720 x 576 pixel resolution, resulting in a 1.0 x 0.75 mm
imaged tissue segment. All measurements were recorded
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Table 1 Summary of study groups, interventions, drug dosages, and
animal populations

Groups Interventions CTX MTX 5-FU No of
(mg/kg) (mg/kg) (mg/kg) animals

CTRL  0.9% NaCl - - - 4

QD CMF 8.6 0.6 8.6 8

D CMF 114 0.8 11.4 4

HD CMF 17.2 1.2 17.2 4

AD CMF 34.3 2.3 343 4

CTRL control, QD quarter allometric dose, 7D third allometric dose,
HD half allometric dose, AD allometric dose, CTX cyclophospha-
mide, MTX methotrexate, 5-FU fluorouracil

for 1 min on a Sony SDR-20P DVCAM video recorder
(Sony, Shinagawa-ku, Tokyo, Japan) and viewed on a
Sony PVM-97 black-and-white video monitor (Sony,
Shinagawa-ku, Tokyo, Japan).

SDF measurements

Once anesthetized, each rabbit was 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 (Fig. 1a). Designed to fit aptly under
the hard palate, the maxillary incisor teeth were positioned
over the upper bar of the table restrainer and the mandib-
ular incisors were anchored under the lower bar. The mouth
was then opened by gently lifting the upper bar and fixing it
into position using two small lateral screws. Using an
additional screw, mandibular extension was adjusted
carefully to prevent excessive stretching of masticatory
muscles and articular ligaments. To reduce both stress on
the neck and back muscles and excessive traction on the
incisor teeth, the restrainer platform was tilted to 30° [2].

The SDF device was mounted on a micromanipulator to
ensure stable positioning of the imaging probe during
image acquisitions. Measurements were performed by
gently placing the lens of the probe, covered with a sterile
disposable cap (Microscan Lens, MicroVision Medical,
Amsterdam, The Netherlands) on the anterior maxillary
incisor gingiva (Fig. 1b). Microcirculation imaging was
performed prior to and 30 min after CT or saline inter-
ventions. For both time points, two 30-s recordings were
captured. By withdrawing the SDF imaging probe briefly
between these two image recordings, we ensured no pres-
sure artifacts were present during image acquisition. From
these two recordings, two video frames were isolated using
Adobe Premier Pro 1.5 (Adobe Systems Incorporated, San
Jose, California, USA) for offline analysis of gingival
capillary density. Figure lc illustrates the complete
experimental setup during data acquisition.

Fig. 1 Rabbit restrained in tabletop mouth gag apparatus (a),
positioning of imaging probe on rabbit maxillary incisor gingiva
(b), and experimental setup during acquisition of gingival microvas-
cular measurements using sidestream dark-field imaging (c)

Microcirculation image analysis

Offline image analysis of gingival capillary density was
performed by counting the number of perfused capillaries
in each frame; the area of an SDF image frame, consisting
of gingival tissue and adjacent dental structures, was
0.75 mm?. After counting capillary density on the com-
puter screen, gingival surface dimensions were digitally
calculated in each frame using Adobe Photoshop CS3°
(Adobe Systems Incorporated, San Jose, California, USA).
Quantification of gingival capillary density for each group
was expressed as the mean number of capillaries £ SD per
millimeter squared (cpll/mm?).

Statistical analysis

Data analysis was performed using GraphPad Prism ver-
sion 5.0 for Windows (GraphPad Software Inc., La Jolla,
California, USA). Comparative analysis of gingival capil-
lary density between time points and the study groups was
performed using analysis of variance with a Bonferroni
post hoc test and the paired r test. A receiver operator
characteristic (ROC) curve was used to determine a pre-
dictive value on outcome related to changes in gingival
capillary density after 30 min of CT intervention and the
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area under the curve (AUC) was computed. Differences
between groups with a P value less than 0.05 were con-
sidered statistically significant. All data are presented as
mean + SD.

Results

The gingiva was easily accessible and provided enough
contrast for the capillaries to be clearly visible and easily
counted (Fig. 2). Baseline mean gingival capillary density
was 58 &+ 11 cpll/mm?, no significant differences in base-
line capillary densities between the groups were found.
Thirty minutes after CT treatment gingival capillary den-
sity had increased by 5 £ 7, 13 £ 18 and 20 £ 13 cpll/
mmz, respectively, in the TD, HD, and AD groups. Gin-
gival capillary density in the control and QD groups
remained unchanged. Figure 3a illustrates the changes in
gingival capillary density in each group. Capillary density
increase was significant in the AD group (paired t-test,
P < 0.05 for 30 min vs. baseline), but not in the other
groups. In comparison to control and the QD group, the
increase in the AD group was significantly higher (one way
ANOVA, P < 0.05 for AD vs. control and QD). Conse-
quently, CMF only had a significant effect in the AD
group. All control and QD group animals survived the
protocol, while the animals in the TD, HD, and AD groups
died overnight. Figure 3b illustrates the changes in gingival
capillary density in the control, surviving and non-surviv-
ing animals. A ROC curve (Fig. 4) showed that changes in
gingival capillary density after 30 min of CT intervention
was a good predictor of mortality in our animals
(AUC = 0.952, P < 0.002).

Discussion

The aim of the present investigation was to test the
hypothesis that microcirculatory alterations occur as an
early response to CT by measuring gingival capillary
density. This study is unique as it attempts to noninvasively
quantify gingival microcirculatory changes in vivo as a
result of CT. Our results show that gingival capillary
density had increased 30 minutes after [V administration of
CT. CMF drug doses from the TD, HD, and AD groups
showed an acute effect on gingival microcirculation and
higher doses of CT significantly altered the microcircula-
tion and resulted in death of the animals.

The design of the present investigation offered the
possibility of validating our allometric drug calculations by
testing if our CMF posologies yielded results sensitive
enough for the chosen animal species. To our knowledge,
no systemic CMF models in rabbits have been reported
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which depict the relevance of CMF combinations used in
humans [1, 5, 6, 12] on oral microcirculatory networks.
The scaled CMF drug concentrations in the AD, HD, and
TD groups were sufficiently high to induce changes in
gingival microcirculation. Scaling CMF-based CT from
human to rabbit resulted in lower drug dosages for CTX,
MTX, and 5-FU in the rabbit in comparison to other studies
which have used single agents (CTX and 5-FU) at higher
dose levels [11, 20]. Those studies reported a high inci-
dence in animal mortality as a result of cardiotoxicity from
high-dose CTX or 5-FU, in the present study at lower
concentrations the CMF combination resulted in the same
fate in our animals, indicting their toxicity potential even
at lower drug concentrations. Interestingly, a correlation
between microcirculation and mortality was observed
which indicated a possibility of predicting survival out-
come by interpreting capillary density in vivo in an early
dose-response phase. Acute precapillary vasodilation with
subsequent recruitment of preexisting gingival microves-
sels can explain the observed increase in gingival capillary
density in our model and thereby demonstrating acute
vascular regulation properties of antineoplastic drugs. With
a mortality rate of 60% in our CT groups, the best cutoff
chosen in the ROC curve had a sensitivity of 83% and a
specificity of 100%, indicating that changes in gingival
capillary density greater than 10.5 cpll/mm? was directly
proportional to a lethal outcome from CMF.

The oral and maxillofacial compartments are highly
vascularized and offer unique approachable locations for
monitoring and quantifying the microcirculation. We
selected the anterior maxillary interdental gingiva since the
tissue dimensions were small and easily accessible. Using
SDF imaging, we were able to quantify gingival capillary
density in situ without the need for destructive tissue
preparations or invasive procedures while producing good
image quality with enough contrast for the microcirculation
to be readily visible. The changes in gingival perfusion
demonstrated by the rise in gingival capillary density
resulted in increased tissue perfusion with subsequent drug
delivery. To this end, the observed effect of CT on the
microcirculation in our study may actually indicate a
beneficial role of microvascular networks as they promote
the ability of the antineoplastic agents to exert their phar-
macological effects across larger surface areas in different
tissue compartments. By investigating microcirculatory
response as a result of anti-cancer treatment, important
insight into the working mechanisms of CT on vascular and
microvascular regulation can be scrutinized. Furthermore,
translating the results from the present study into clinical
significance, the observed effect of CT on microvascular
networks may be the culprit mechanism responsible for
extending exposure and transudation of toxic CT meta-
bolites into mucosal tissue compartments, subsequently
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Fig. 2 Sidestream dark-field
imaging of rabbit anterior
maxillary gingiva before (a) and
30 min after chemotherapy
intervention (b) in the
allometric dose group (AD:
CTX 34.3 mg/kg, MTX 2.3 mg/
kg, 5-FU 34.3 mg/kg)
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Fig. 3 Changes (delta) in gingival capillary density in each inter-
vention group (a). Measurements were performed before and 30 min
after chemotherapy or saline interventions. Changes (delta) in
capillary density in control, survivor, and non-survivor animals (b).
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Fig. 4 Receiver operating characteristic (ROC) curve for predicting
the outcome of acute changes (delta) in gingival capillary density with
survival after 30 min of chemotherapy intervention. AUC area under
the curve

triggering a cascade of cellular and molecular events
responsible for oral mucosal barrier disturbances in oral
complications.

In conclusion, this is the first study to describe the acute
effects of CT on gingival microcirculation using SDF
imaging. A simple, noninvasive and reproducible model to
evaluate the applicability of SDF imaging for measuring

b 50+ #%P< 0,005 vs. CTRL and SURV
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2 20+
g
104
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CTRL control, QD quarter allometric dose, 7D third allometric dose,
HD half allometric dose, AD allometric dose, cpll/mm2: units for
capillary density

changes in oral mucosal microcirculation following CT
intervention, made it possible to demonstrate changes in
gingival tissue perfusion in vivo. SDF imaging may be a
useful tool for investigating the dose-dependent effects of
cytostatic agents in oral microcirculation and may provide
valuable information on the role of microvascular networks
in CT-related oral complications and the treatment of oral
tumors.
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