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ABSTRACT

Aim: This study evaluates the feasibility of handheld vital microscopy for noninvasive, objective assessment of
the microcirculation of the human uterine cervix. We qualitatively and quantitatively describe the microcircu-
lation in healthy subjects in order to provide a basis for its application in cervical pathology.

Methods: Incident dark field imaging was used to image the microcirculation in four quadrants of the uterine
ectocervix in ten healthy participants. If the squamocolumnar junction was visible, measurements were repeated
on the endocervical columnar epithelium as well. Image acquisition time was recorded and participants scored
the experienced level of discomfort. Angioarchitecture was classified according to Weber’s classification.
Quantitative parameters included capillary density (CD), total and perfused vessel density (TVD, PVD), pro-
portion of perfused vessels (PPV) and microvascular flow index (MFI).

Results: Image acquisition was easy, fast and well tolerated. Angioarchitecture was characterized by two
distinctive and organized patterns; capillary loops underneath the squamous epithelium of the ectocervix and
vascular networks underneath the columnar epithelium. In the image sequences containing capillary loops, mean
CD was 33.2 cpll/mm? (95% CI 28.2-38.2 cpll/mm?). In the image sequences with vascular networks, mean TVD
was 12.5 mm/mm? (95% CI 11.2-13.77 rnm/mrnz), mean PVD was 12.2 (95% CI 11.0-13.5 rnm/mrnz), MFI was
3 and PPV was 100%.

Conclusions: Incident dark field imaging allows for noninvasive, real time visualization and objective evaluation
and quantification of the microcirculation of the uterine cervix. The organized vascular patterns and optimal
perfusion observed in healthy subjects allow for comparison with cervical pathology, for example in patients
with cervical dysplasia or cervical cancer.

1. Introduction

female reproductive tract (Jordan and Singer, 2006). The vasculariza-
tion of the uterine cervix is derived from both the uterine and vaginal

The uterine cervix is the cylindrically shaped, inferior portion of the
uterus which protrudes into the upper part of the vagina and connects
the uterine cavity to the vaginal lumen through the cervical canal
(Ferenczy and Wright, 1994; Hoare and Khan, 2020). It is involved in
physiological processes including fertilization, pregnancy, childbirth
and menstruation and provides a barrier for pathogens of the upper

artery, of which terminal branches anastomose to form the coronary
artery of the cervix (Krantz and Phillips, 1962).

Within tissues, the regulation of perfusion and hence the supply of
oxygen, nutrients, hormones and immune support and the drainage of
waste products, takes place in the arterioles, capillaries and venules,
together referred to as the microcirculation (Eriksson et al., 2014; Guven

Abbreviations: CD, capillary density; IDF, incident dark field; MFI, microvascular flow index; PPV, proportion of perfused vessels; PVD, perfused vessel density;

SCJ, squamocolumnar junction; TVD, total vessel density.
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et al., 2020). By regulating the exchange of fluids and molecules, the
microcirculation is responsible for tissue homeostasis and consequently
tissue wellness (Guven et al., 2020). Accordingly, the microcirculation
plays a crucial role in many pathological processes, including inflam-
mation, sepsis, shock and tumor growth (Bouck et al., 1996; Guven et al.,
2020).

Likewise, the microcirculation of the uterine cervix is involved in its
immune and tissue response to physiological and pathological condi-
tions, including cervical ripening, cervicitis, infection with human
papillomavirus, cervical dysplasia and cancer (Abdullaiev et al., 2017;
Agrawal et al., 2020; Chen et al., 2004; D’Anna et al., 2001; Dunlop
et al., 1989; Jourdan et al., 2011; Sotiropoulou et al., 2004).

In daily practice, the (micro)vasculature of the uterine cervix is
either assessed macroscopically and subjectively by colposcopy or
invasively by biopsies. Noninvasive, objective imaging of the cervical
microcirculation offers an opportunity for real time assessment of
functional vascular histology, which may improve diagnosis and un-
derstanding of cervical pathology, and possibly also guide treatment
strategies. For example, predicting malignant potential of cervical can-
cer precursor lesions based on histology and colposcopy is difficult,
which in turn makes management decisions (expectant or surgery)
challenging (Cox, 2002). An alternative method that improves insight in
malignant potential is therefore desirable.

In different fields of medicine, in vivo assessment of the microcircu-
lation is of increasing interest. Incident dark field (IDF) imaging is a
noninvasive handheld vital microscope that enables visualization of the
(sub)epithelial microcirculation in great detail (Aykut et al., 2015).
Consequently, IDF imaging has provided insight in microcirculatory
alterations in both systemic and organ specific pathological conditions
(de Bruin et al., 2016; Diedrich et al., 2019; Edul et al., 2012; Kastelein
et al., 2020a, 2020b; Puhl et al., 2003; Shen et al., 2020; Uz et al., 2019;
van Elteren et al., 2015; Vellinga et al., 2015). IDF imaging has not yet
been used to evaluate the microcirculation of the uterine cervix.

This study assesses the feasibility of IDF imaging for qualitative and
quantitative evaluation of the subepithelial microcirculation of the
uterine cervix and provides baseline microcirculatory values of healthy
women against which pathological abnormalities can be evaluated in
future studies.

2. Methods

This observational prospective pilot study was performed in Berg-
man Clinics Amsterdam, a clinic focusing on pelvic floor care and pre-
malignant cervical lesions. The study complied with ethical principles
and appropriate regulatory requirements of the European Union and the
Netherlands. As part of a comprehensive study on microvascular alter-
ations in cervical cancer and precursor lesions, the protocol was
reviewed and approved by the Institutional Review Board of the Antoni
van Leeuwenhoek Hospital under number METC18.0773 and locally
approved by Bergman Clinics Amsterdam. Participants received verbal
and written explanation of the study guidelines and procedures and
provided written informed consent.

2.1. Participants and setting

Healthy, female volunteers (age 18 years and older) attending
Bergman Clinics were recruited. Characteristics including age, smoking
status and BMI were registered. Exclusion criteria were: 1. diagnosed
cervical abnormalities (cervical intraepithelial neoplasia, invasive cer-
vical cancer), 2. prior interventions to the cervix (biopsy, loop excision,
exconization), 3. extensive cardiovascular disease (e.g untreated hy-
pertension), 4. systemic illnesses which may affect the microcirculation
(e.g. untreated diabetes mellitus) and 5. medications which may affect
the microcirculation (e.g. anticoagulants, systemic anti-inflammatory, or
immunosuppressive agents).
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2.2. Incident dark field imaging

The microcirculation was assessed using the CytoCam (Braedius
Medical, Huizen, the Netherlands), which is a lightweight, handheld
vital microscope (HVM) which uses the technique of incident dark field
imaging. This technique has been described extensively elsewhere (De
Backer et al., 2007; Ocak et al., 2016). In short, put into contact with a
surface, the CytoCam illuminates the target tissue by emitting green
light (wavelength 530 nm) with a short pulse time (2 ms). The green
light is absorbed by hemoglobin, scattered back by the surrounding
tissues and detected by a camera containing a high-resolution sensor
(pixel size 1,4 pm, magnification factor 4x), resulting in real time
visualization of flowing black globules (erythrocytes) in white sur-
roundings (avascular tissue) in a field of view of 1,16 x 1,55 mm, rep-
resenting the functional microcirculation.

2.3. Image acquisition

Participants were accommodated in a gynaecological chair in a room
with a constant temperature of 21 + 1 °C. Measurements were per-
formed in lithotomy position. A lubricated, disposable, bivalved spec-
ulum was introduced vaginally, the cervix was visualized and cleared
from mucus and lubricant. The CytoCam was covered with a sterile
disposable cap and gently placed onto the surface of the cervix. The
settings of the CytoCam were adjusted for optimal focus and contrast.
Artefacts caused by excessive mucus or air bubbles were resolved by
clearing the cervical surface from mucus and gently twisting the probe.
In four quadrants of the cervix (at 12, 3, 6 and 9 o’clock), an image
sequence of 3 s was recorded. If the squamocolumnar junction (SCJ) was
visible, measurements were repeated in the same four quadrants on the
columnar epithelium at the start of the endocervix as well. Measure-
ments were performed by one investigator (YPL), trained by a researcher
with extensive experience using the CytoCam (AWK). As a measure of
practical feasibility, total time of image acquisition was recorded and
participants were asked to score the level of discomfort they experienced
during measurements on a scale of 0 to 10 (0 = none, 10 = extreme).

2.4. Image sequence analysis

Acquired image sequences were saved on a hard drive and image
analysis was performed offline. The quality of each image sequence was
assessed through a quality score, which includes six parameters: illu-
mination, duration, focus, content, stability and pressure (Massey and
Shapiro, 2016). As we did not want to exclude image sequences con-
taining capillary loops only, we adapted the parameter ‘content’ to ar-
tefacts only. If an image sequence did not meet the other parameters, it
was excluded from further analysis.

2.4.1. Angioarchitecture

Image sequences were scored according to a classification introduced
by Weber et al. (2015), which classifies vascular patterns in scores 1 to 3
(Weber et al., 2015). In this classification system, score 1 represents the
appearance of an array of capillary loops, score 2 the appearance of both
capillary loops and vascular network and score 3 the appearance of a
vascular network only, without capillary loops. The angioarchitecture of
each image sequence was evaluated and scored manually by one
investigator (YPL), trained and supervised by an investigator with
extensive experience using this scoring system (AWK). As capillary loops
and vascular networks require different approaches for quantitative
analysis, image sequences with angioarchitecture score 2 were excluded
from quantitative analysis.

2.4.2. Quantifying capillary loops

In case of angioarchitecture score 1, the capillary loop density (CD,
capillary loops per square millimeter; cpll/mm2) was determined by
dividing the number of capillary loops by the size of the field of view
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1,8 mmz).

2.4.3. Quantifying vascular networks

In image sequences containing angioarchitecture score 3, quantita-
tive microvascular parameters were evaluated using Automated
Vascular Analysis (AVA) software v3.2 (Dobbe et al., 2008). Using this
software, the frame of the recorded image sequences was stabilized and
vessels were detected semi-automatically. After manual correction of
detected vessels, the flow within each vessel was scored by eye as no
flow (0), intermittent flow (1), sluggish flow (2) or continuous flow (3)
(Massey and Shapiro, 2016). The predominant type of flow was deter-
mined in four quadrants. Subsequently, total vessel density (TVD, total
length of vessels per square millimeter, mm/mm?), perfused vessel
density (PVD, perfused vessels per square millimeter, mm/mm?), pro-
portion of perfused vessels (PPV, %) and microvascular flow index (MFI)
were determined (Aykut et al., 2015).

2.5. Sample size calculation

We did not perform a sample size calculation but determined a
convenient sample of ten participants sufficient for this explorative pilot
study. A previous study performed in nine healthy volunteers concluded
that the vaginal microcirculation can be assessed reliably using IDF
imaging in a small sample (Weber et al., 2015).

2.6. Statistical analysis

Demographic and microcirculation data were analyzed using IBM
SPSS Statistics (IBM Corp. Released 2020. IBM SPSS Statistics for
Macintosh, Version 27.0. Armonk, NY: IBM Corp). Categorical data
regarding angioarchitecture are presented as absolute and relative fre-
quencies. Distributions of observed angioarchitectures were compared
between cervical locations using the Chi square test. Continuous data
were tested for normality both visually and using the Shapiro-Wilk test.
Normally distributed data are presented as means and 95% confidence
intervals (95% CI). Non-normally distributed data are presented as
medians and interquartile ranges (IQR). Spearman’s correlation was
analyzed to assess the relationship between age and CD, TVD and PVD. A
two-sided p-value below 0.05 was considered to be the threshold for
statistical significance.

3. Results
3.1. Description of population and obtained data

Measurements were performed in ten healthy participants with a
median age of 32 years [27-74] and mean BMI of 22.4 [20.8-23.9]. One
of the participants occasionally smoked. None of the participants had
relevant comorbidity. All participants above 30 years of age participated
in the Dutch national screening program and did not have prior cervical
dysplasia. No recent Pap status was known for the participants outside of
the screening window (30-60 years of age). However, no signs or
symptoms of cervical pathology were present in these participants. Upon
physical examination of the ectocervix, five subjects revealed only
squamous epithelium. In four subjects, the SCJ was visible, allowing for
image acquisition of both squamous and columnar epithelium. In one
subject, the SCJ was visible at the border of the ectocervix, but the
squamous epithelium was not accessible for IDF measurements. A total
of 56 IDF image sequences were recorded of which seven were excluded
from analysis of angioarchitecture because of poor image quality
(excessive vaginal discharge blurring the image) and two were excluded
because they were recorded at the SCJ, leaving 47 image sequences (31
of squamous epithelium, 16 of columnar epithelium) for the analysis of
angioarchitecture. For quantitative analysis of microcirculatory pa-
rameters, three more image sequences had to be excluded because of an
angioarchitecture score of 2.
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3.2. Feasibility

Image acquisition was convenient and well tolerated; all subjects
scored their level of discomfort O to 2 out of 10 (O = none, 10 =
extreme). Image acquisition time ranged from 2 to 6 min and was
dependent on the number of image sequences recorded; if the SCJ was
visible, more image sequences were recorded and image acquisition
time was longer.

3.3. Angioarchitecture

Acquired image sequences demonstrated very distinct and organized
vascular patterns that could all be classified according Weber’s classi-
fication. In general, the microcirculation of the ectocervix was charac-
terized by capillary loops (71% score 1, Figs. 1 and 4) and the
microcirculation of the columnar epithelium at the start of the endo-
cervix predominantly showed a vascular network (88% score 3, Figs. 2
and 4). At the SCJ, a transition area of both patterns could be observed
(100% score 2, Fig. 3). The proportions of the observed angioarchi-
tectures were significantly different between the squamous and
columnar epithelium (42 (2, n = 47) = 19.0, p < 0.01, Fig. 4). Sub-
analysis of angioarchitecture scores in the four patients in which image
sequences could be obtained of both squamous and columnar epithelium
demonstrated similar distributions of proportions ()(2 (2,n=25)=11.7,
p < 0.01, Fig. 4).

3.4. Microcirculatory parameters

Shapiro-Wilk testing for normality showed normal distributions for
CD, TVD and PVD and non-normal distributions for MFI and PPV. Mean
CD calculated from image sequences demonstrating capillary loops only
(score 1, n = 23), was 33.2 cpll/mm2 [28.2-38.2]. There was no cor-
relation between age and mean CD (r = —0.095, p = 0.82). In image
sequences containing vascular networks (score 3, n = 21), mean TVD
was 12.5 mm/mm? [11.2-13.8] and mean PVD was 12.2 [11.0-13.5].
Age did not correlate with TVD (r = 0.458, p = 0.30). Continuous flow
was observed in all visualized vessels, resulting in a median MFI of 3
[3-3] and a median PPV of 100% [100-100].

4. Discussion

The results of this study suggest that in vivo imaging of the micro-
circulation of the uterine cervix using IDF imaging is feasible. Image
acquisition was fast, easy and well tolerated by all participants and
resulted in image sequences that could be qualitatively and quantita-
tively analyzed. Two distinct and organized vascular patterns were
observed: capillary loops at the squamous epithelium and vascular
networks at the columnar epithelium. Optimal perfusion was observed
in all recorded image sequences.

The uterine cervix is lined with two types of epithelium; stratified,
squamous epithelium on the ectocervix and a single layer of columnar
epithelium on the endocervix (Dallenbach-Hellweg et al., 2013). Ex vivo
studies of the microcirculation of the uterine cervix using corrosion
casting and scanning electron microscopy revealed four zones with
different vascular patterns within the cervical stroma, but were unable
to evaluate the microcirculation of the cervical epithelium as it was too
fragile for this technique (Bereza et al., 2012a, 2012b; Walocha et al.,
2012). The squamous epithelium on the ectocervix is continuous with
the squamous epithelium of the vagina. Weber et al. (2015) have visu-
alized the microcirculation of the vagina in vivo through sidestream dark
field imaging, the predecessor of IDF imaging, and described the
appearance of capillary loops as well (Weber et al., 2015). As expected,
our results predominantly demonstrated the same angioarchitecture in
the squamous epithelium lining the ectocervix. We also observed similar
CD within this epithelium when compared to vaginal CD described
before (Weber et al., 2015, 2016). Another study using IDF imaging in
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Fig. 1. Screenshots of IDF imaging of the squamous epithelium of four different participants showing angioarchitecture score 1 (capillary loops only). White arrow

labels artefact (bubble).

Fig. 2. Screenshots of IDF imaging of the columnar epithelium of four different participants showing angioarchitecture score 3 (vascular networks without capil-

lary loops).

vulvovaginal atrophy demonstrated that thinning of vaginal epithelium
(atrophy) corresponds with disappearance of vaginal loops and
appearance of vascular networks (Diedrich et al., 2019). In the current
study, we did not assess atrophic epithelium, but we did assess two types
of epithelium with different thicknesses and also demonstrated the
presence of vascular networks underneath the thinner - in our case
columnar - epithelium and capillary loops underneath the thicker,
stratified squamous epithelium. Capillary density of the atrophic vaginal

epithelium was much lower when compared to CD we observed in the
ectocervix (Diedrich et al., 2019). Quantitative microcirculatory pa-
rameters of vascular networks (score 3, including TVD, PVD, PPV) have
not been described in the vagina yet. Compared to the golden standard
of sublingual microcirculatory assessment, the uterine cervix has a lower
TVD (Uz et al., 2018).

Our study demonstrated that IDF imaging enables noninvasive
objective evaluation of the cervical microcirculation. The two distinct,
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Fig. 3. Screenshots of IDF imaging of the squamocolumnar junction, showing angioarchitecture score 2 (both vascular networks and capillary loops). White arrow

labels artefact (bubble).

*p<0.01

Fig. 4. Stacked bar chart presenting observed
angioarchitecture scores according to Weber’s clas-

100% m sification on squamous and columnar epithelium of
oo m the cervix. Left: image sequences of all subjects on
squamous epithelium (total n = 31, score 1: 71% (n
80% Webet score = 22), score 2: 6% (n = 2), score 3: 23% (n = 7)) and
columnar epithelium (total n = 16, score 1: 6% (n =
0% mScore 1 1), score 2: 6% (n = 1), score 3: 88% (n = 14)). Right:
= Score 2 image sequences of four subjects in which the SCJ
60% m Score 3 was visible upon physical examination on squamous
epithelium (total n = 11, score 1: 73% (n = 8), score
50% 2: 0% (n = 0), score 3: 27% (n = 3)) and columnar
epithelium (total: n = 14, score 1: 7% (n = 1), score
40% 2: 7% (n = 1), score 3: 86% (n = 12)).
SCJ = squamocolumnar junction, score 1: appearance
30% of an array of capillary loops, score 2: both capillary
m loops and vascular network are visible, score 3:
20% appearance of a vascular network, no capillary loops.
- @ * The y square test, p < 0.01.
0%
Squamous Columnar Squamous Columnar
All subjects Subjects with SCJ on ectocervix

organized vascular patterns observed in healthy participants allow for
comparison with pathological conditions of the uterine cervix. Cervical
dysplasia, cervical infection and cervical incompetence may be diag-
nosed by changes in the cervical microcirculation prior to their clinical
manifestation. Multiple histopathological studies show gradual micro-
vascular alterations with increasing dysplasia and these alterations have
been associated with poor prognosis and higher mortality in cervical
cancer patients (Bremer et al., 1996; Dellas et al., 1997; Dobbs et al.,
1997; Guidi et al., 1995; Lee et al., 2002; Obermair et al., 1998; Smith-
McCune, 1997; Wiggins et al., 1995). Predicting the malignant potential
of cervical dysplastic lesions is challenging, which in turn makes
adequate management challenging, resulting in overtreatment (surgery)
of lesions that would regress spontaneously and undertreatment (expec-
tant management) with undue concern of low-grade lesions that have
the potential to become high grade lesions and ultimately cancer
(Orumaa et al., 2019; Rozemeijer et al., 2015; van der Horst et al.,
2017). Currently, management decisions are based on cytology and
histology (Perkins et al., 2020), but an alternative, more accurate
approach for predicting malignant transformation is desirable. Nonin-
vasive evaluation of microvascular alterations could potentially help
predict future behavior and thereby guide treatment decisions.

IDF imaging enables imaging of the subepithelial microcirculation of
accessible tissues. Therefore, when applied to the uterine cervix, IDF
imaging visualizes the superficial microcirculation and not the micro-
circulation of the cervical stroma. Future research should elucidate

whether microvascular alterations in cervical pathology arise superfi-
cially and whether the imaging depth of IDF imaging is sufficient for
their evaluation. The squamous epithelium lining the ectocervix was
easily accessible through a speculum in all participants and therefore,
the subepithelial microcirculation of the ectocervix was easily visual-
ized. However, the columnar epithelium lining the endocervix was only
accessible in 4 out of 10 participants enrolled in this study. The SCJ is
dynamic and changes its location over time between the cervical canal
and the ectocervix, depending on age, hormonal status and pregnancy
(Mutter and Prat, 2014). As the probe of the CytoCam is too large for
endocervical application, the microcirculation of the columnar epithe-
lium lining the endocervix cannot be evaluated in every woman.

Our explorative feasibility study reports on an innovative approach
for in vivo evaluation of the cervical microcirculation and presents
unique data on both morphological and quantitative microvascular pa-
rameters. Potential limitations need to be addressed as well. First, we
included a small sample size and as this is the first study applying IDF
imaging to the uterine cervix, we could not perform a power calculation.
Therefore, it can be debated whether we can generalize our findings to a
larger population. We determined a convenient number of 10 partici-
pants based on a previous study using IDF imaging on the vaginal
epithelium which concluded that the microcirculation could be evalu-
ated reliably in a small sample of 9 subjects (Weber et al., 2015). Second,
the field of view of the CytoCam is relatively small (1.55 x 1.16 mm),
which raises the question whether the obtained image sequences are a
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good representative of the entire uterine cervix. As we demonstrated
very similar, well organized vascular patterns in four quadrants of the
uterine cervix, we consider that the image sequences we describe are a
good representative of the epithelium imaged. However, when screening
for microvascular alterations in case of cervical pathology, a larger field
of view would enable more thorough mapping and thereby allow for
easier detection of microvascular abnormalities. Last, in the current
study, obtained IDF image sequences were analyzed using semi-
automated software, which is time-consuming and less practical in the
clinical situation. New software called MicroTools has been developed
and validated recently, allowing almost 500 times faster and completely
automatic analysis (Hilty et al., 2019). Future research should determine
whether this software can be used for the analysis of cervical IDF image
sequences as well, specifically for the analysis of different patterns such
as capillary loops.

The results of our study indicate that IDF imaging is a feasible
method for noninvasive, real time visualization and objective evaluation
and quantification of the microcirculation of the uterine cervix. The
distinct and clearly organized vascular patterns allow for comparison
with cervical pathology. Future research should investigate whether
pathological conditions of the cervix are associated with microvascular
abnormalities that can be detected by IDF imaging.
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