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Towards BirthAlert—A Clinical Device Intended
for Early Preterm Birth Detection

Mozziyar Etemadi∗, Student Member, IEEE, Philip Chung, J. Alex Heller, Student Member, IEEE,
Jonathan A. Liu, Larry Rand, and Shuvo Roy, Member, IEEE

Abstract—Preterm birth causes 1 million infant deaths world-
wide every year, making it the leading cause of infant mortality.
Existing diagnostic tests such as transvaginal ultrasound or fetal
fibronectin either cannot determine if preterm birth will occur in
the future or can only predict the occurrence once cervical short-
ening has begun, at which point it is too late to reverse the accel-
erated parturition process. Using iterative and rapid prototyping
techniques, we have developed an intravaginal proof-of-concept
device that measures both cervical bioimpedance and cervical flu-
orescence to characterize microstructural changes in a pregnant
woman’s cervix in hopes of detecting preterm birth before macro-
scopic changes manifest in the tissue. If successful, such an early
alert during this “silent phase” of the preterm birth syndrome
may open a new window of opportunity for interventions that may
reverse and avoid preterm birth altogether.

Index Terms—Bioimpedance, bluetooth, fluorescence, physio-
logic sensing, sensors, spectroscopy.

I. INTRODUCTION

PRETERM birth contributes to 35% of the world’s 3.1 mil-
lion neonatal deaths each year, making it the leading cause

of infant mortality [1]. Of the 15 million babies born preterm
each year, almost 1 million of them die as a result of their
prematurity. For infants who survive preterm birth, prospective
studies have confirmed that a substantial portion of these infants
experience long-term morbidity and lifelong disability [2]. This
condition alone costs the United States over $26.2 billion per
year [3]. The last 30 years of preterm birth research has led to
the widely accepted theory that preterm birth is a syndrome—
the end result of a multitude of pathological mechanisms that
may be unrelated in origin [4]–[6]. These pathological mech-
anisms accelerate the normal timing of parturition, leading to

Manuscript received May 7, 2013; revised May 31, 2013; accepted June 27,
2013. Date of publication July 23, 2013; date of current version November 18,
2013. This work was supported by the Bill and Melinda Gates Foundation,
the Vodafone Americas Foundation, and the FDA under Grant 2P50FD003793.
Asterisk indicates corresponding author.

∗M. Etemadi is with the Department of Bioengineering and Therapeutic
Sciences, University of California, San Francisco, CA 94158 USA (e-mail:
Mozziyar.Etemadi@ucsf.edu).

P. Chung and S. Roy are with the Department of Bioengineering and Ther-
apeutic Sciences, University of California, San Francisco, CA 94158 USA
(e-mail: philip.chung@ucsf.edu; shuvo.roy@ucsf.edu).

J. A. Heller is with the University of California, San Francisco, CA 94158
USA, and also with the University of California, Berkeley, CA 94720 USA
(e-mail: james.heller@ucsf.edu).

J. A. Liu is with the Keck School of Medicine, University of Southern Cali-
fornia, Los Angeles, CA 90089 USA (e-mail: liuja@usc.edu).

L. Rand is with the Department of Obstetrics and Gynecology and Reproduc-
tive Sciences, University of California, San Francisco, CA 94143 USA (e-mail:
larry.rand@ucsf.edu).

Digital Object Identifier 10.1109/TBME.2013.2272601

premature cervical softening, ripening, shortening, effacement,
dilation, and finally preterm birth (see Fig. 1).

A. Current Clinical Technologies

Current diagnostic gold standards include transvaginal ul-
trasound and the fetal fibronectin (fFN) immunoassay, which,
respectively, use cervical length and vaginal fetal fibronectin
concentration as surrogate metrics [7].

Diagnosis with transvaginal ultrasound hinges on the knowl-
edge that a short cervix is correlated with the occurrence
of preterm birth [8], [9]. Perhaps the greatest limitation to
transvaginal ultrasound is that it relies on the examination of
macroscopic shortening of the cervix, which generally corre-
lates with mid- or late-stage events in the parturition process
(see Fig. 1). Other limitations include data acquisition and in-
terpretation being highly dependent on the ultrasound machine
operator, with poor resolution of ultrasound images contributing
to the difficulty in interpretation. Furthermore, diagnostic results
are strongly dependent on patient-specific gynecologic history,
gestational age at time of measurement, and can be complicated
by normal biological variability [10].

The fetal fibronectin (fFN) immunoassay is an in vitro bio-
chemical test that detects the presence of fetal fibronectin in
the vaginal canal. Fetal fibronectin is a protein that originates
within the uterus and serves to bind the fetal membranes to the
uterine lining. From weeks 22 to 30 of gestation, low vaginal
fFN levels indicate preterm labor will not occur in the following
7–10 days [11], [12]. While this test has a high negative pre-
dictive value (NPV = 98–99%) for predicting no labor within
7 days, it has a low positive predictive value (PPV = 14–19%)
for predicting labor within 7 days [13]. Because clinicians can-
not be reasonably confident that a positive-tested patient will
give birth preterm, these patients can only be prescribed bed
rest and watched closely. As a result, the fFN test is gener-
ally used only to monitor high risk or symptomatic pregnancies
in which negative results can definitively rule out imminent
preterm birth [14].

These shortcomings have led researchers to investigate diag-
nostic techniques that attempt to detect earlier signs of preterm
birth, such as changes in the cervical microstructure during the
cervical softening and ripening stages (Fig. 1).

B. Collagen During Parturition

The cervix comprises of approximately 10% smooth muscle
and 90% extracellular connective tissue, of which approximately
70–80% of the connective tissue in the cervix is collagen with the
rest consisting of proteoglycans, glycosaminoglycans (GAGS),
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Fig. 1. All pregnancies must progress through the same clinical stages of parturition: cervical softening, ripening, shortening, effacement, dilation, and delivery.
The currently held belief is that in preterm cases, various pathologies trigger pathological cascades long before preterm delivery occurs. These pathological cascades
accelerate the parturition process with the ultimate outcome being premature labor and delivery. Current diagnostic techniques such as transvaginal ultrasound can
only detect macroscopic changes in the parturition process such as cervical shortening. Clinicians currently do not have tools to objectively determine if and how
quickly cervical softening and ripening are occurring. However, it is known that tissue microstructural reorganizations occur in cervical softening and ripening
stages, notably a decrease in collagen crosslink concentration and an increase in tissue hydration. The ability to detect when these early parturition processes begin
and the rate at which these processes progress may afford clinicians enough time to diagnose the underlying pathology to preterm birth, enabling new care models
for managing preterm birth. Figure based on [4], [6], [32].

Fig. 2. Pyridinoline crosslinks are responsible for organizing tropocollagen
helices into semicrystalline collagen fibrils. Each collagen fibril is then bundled
into collagen fibers with proteoglycans such as decorin regulating packing den-
sity and arrangement. The cervical ripening process reduces both pyridinoline
crosslinks and proteoglycan concentration, resulting in increased disorganiza-
tion spanning two orders of structural arrangement. Figure based on [32], [60],
[65].

and other fibers, such as elastin [15]–[18]. During collagen fibril
formation, tropocollagen is stabilized into semicrystaline colla-
gen fibrils by covalent cross-links. One type of cross-link that
is present in cervical collagen contains an aromatic pyridino-
line unit. Fibrils are then bundled together into collagen fibers,
with proteoglycans such as decorin helping determine size and
packing of fibrils (see Fig. 2) [19].

Throughout a majority of pregnancy, cervical collagen re-
mains in fibers, imparting a great deal of structural rigidity
and mechanical stiffness to the cervix. However, during cervi-
cal softening and ripening, there is a decrease in both pyridi-
noline cross-link concentration and proteoglycan concentra-
tion [20]–[24]. Decrease in these collagen-organizing units at
both the fiber and fibril level of collagen dramatically increases
the disorganization of collagen in the cervix [25]. At the same
time, the concentration of GAGS such as hyaluronan (HA) in-
creases [26]–[28]. Hyaluronan binds water, increasing tissue
hydration and filling the space created by the disorganization of
extracellular matrix fibers [29]–[32]. Thus, as gestational age
increases, cervical collagen crosslink concentration decreases
while cervical tissue hydration increases. This inverse relation-
ship of tissue matrix organization and hydration is largely re-
sponsible for transforming the cervix from a closed gate sealing
the fetus in the uterus to an open gateway during delivery.

C. Noninvasive Detection Methods for Cervical
Microstructure Change

Two methods have gained traction in research for detecting
cervical tissue microstructure changes. These are light-induced
fluorescence spectroscopy (LIF) and electrical impedance spec-
troscopy (EIS).

LIF depends largely on the autofluorescent properties of
pyridinoline collagen cross-links, which become excited by light
around 370 nm and emit light around 420 nm. Prior research in



3486 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 60, NO. 12, DECEMBER 2013

Fig. 3. Collagen gels of concentrations 1, 2, 5, 10, 20, and 50 mg/mL were
subjected to (a) bench top fluorescence spectroscopy, which shows the 370 nm
excitation peak and the corresponding 420-nm emission peak characteristic
of stromal collagen in the cervix. Increasing collagen concentration shows a
proportional change in fluorescence counts. The same samples were also sub-
jected to (b) bench top impedance spectroscopy from 55 kHz to 4 MHz. Results
indicate that, for our collagen gel model, increases in collagen concentration
are correlated with a decrease in impedance magnitude and phase. Collagen
concentration-dependent differences in phase were greater at low and high fre-
quencies. These data were used to inform in vivo circuit design parameters.

rats, guinea pigs, and humans have shown strong correlations
between cervical LIF measurements and cervical ripening, and
a preliminary human study has shown LIF can be used to predict
if a woman will deliver within 24 h [16], [33]–[36].

EIS measures change in bioelectric impedance in cervical tis-
sue as the extracellular matrix becomes more disorganized and
hydration increases. EIS involves injecting AC signals at vari-
ous frequencies into cervical tissue. Tissue possesses inherent
signal filtering properties because low-frequency signals tend
not to penetrate cellular membranes, whereas high-frequency
signals generally penetrate cellular membranes. Thus, interro-
gation at different frequencies result in magnitude and phase
values reflective of different components within the tissue [37].
As cervical tissue becomes more disorganized and increasingly
hydrated during the softening and ripening process, the tissue’s
electrical permittivity changes and can be observed as varia-
tions in impedance magnitude and phase [38], [39]. Human
studies with tetra-polar pencil probe EIS implementations have
found that an impedance measurement is indicative of labor
within 24 h, but not a statistically better predictor than using the
Bishop score, which is the current clinical standard for assessing
the cervix to confirm if labor [40]–[42].

D. Our Approach

We have developed a prototype medical device that acquires
both cervical LIF and EIS measurements. This device involves

a removable probe that attaches to both a cervical LIF mea-
surement system and a cervical EIS measurement system (see
Fig. 4). To our knowledge, this is the first attempt to use both
techniques in parallel for detection of preterm birth. However,
several differences in both approach and device design mark a
departure from existing detection efforts.

Many predecessor devices have been used to predict labor or
Phase III of parturition (see Fig. 1), which occurs during the
last few hours of pregnancy. At this point in pregnancy there
is a paucity of time for clinicians to diagnose exact cause of
preterm birth, making it difficult to treat the underlying pathol-
ogy; instead, the current standard of care involves administering
tocolysis to try to stall the inevitable preterm birth and steroids
to force rapid development of fetal lungs before the baby is
born. In contrast, we have designed our device specifically with
the goal of earlier detection during the cervical softening and
ripening stages, which occur during Phase I and II of parturition
(see Fig. 1). An early alert days or weeks ahead rather than hours
would provide clinicians ample time and opportunity to conduct
further diagnostic tests to pinpoint the underlying pathology and
adjust patient care plans accordingly. However, the challenge is
that these earlier parturition processes do not manifest macro-
scopically and are thus clinically silent.

By acquiring preliminary cervical LIF and EIS measure-
ments, we aim to capture the temporal changes in these signals
over gestation. We hypothesize that the trending of these sig-
nals in combination with signal fusion techniques will allow for
detection earlier than using either cervical LIF or EIS alone.

II. In Vitro COLLAGEN MEASUREMENT

Collagen gels were used to model extracellular components of
cervical tissue across gestation. Lyophilized type I collagen from
bovine calfskin (C3511, Sigma-Aldrich, St. Louis, MO, USA)
was dissolved in an acidified phosphate buffered saline (PBS)
solution adjusted to pH 3.5 with 10-M acetic acid prepared in
PBS. The solution was allowed to stand at room temperature for
1 day. Gelation was induced by adding 10-M NaOH (prepared in
PBS) until pH 7.4 was achieved [24], [43], [44]. Serial dilution
with 1× PBS yielded samples with concentrations ranging from
1 to 50 mg/mL. Between dilutions, samples were degassed and
homogenized with centrifuge and vortex mixer, respectively.
Samples were then degassed in a desiccator and incubated in
96-well plates at 37 ◦C overnight.

Electrical impedance and fluorescence of our collagen gels
were characterized using a precision impedance analyzer (Agi-
lent Technologies 4294 A, Santa Clara, CA, USA) connected to
platinum wire electrodes, and a fluorescence microplate reader
(TECAN Infinite 200 Pro, Männedorf, Switzerland). Data from
these instruments are shown in Fig. 3.

III. DEVICE DESIGN

A. Intravaginal Probe

Seen in Fig. 4(a) and (b), the intravaginal probe consists of six
titanium electrodes and one optical fiber port for impedance and
fluorescence measurement, respectively. These sensor interfaces
are embedded within implant grade medical silicone (PN40029,
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Fig. 4. (a) Head-on view of intravaginal probe showing the 6 electrodes and window for the fiber optic bundle. (b) Side view of intravaginal probe. (c) Block
diagram depicting intravaginal probe, electrical impedance spectroscopy measurement subsystem, and light-induced fluorescence measurement subsystem.

Applied Silicone, Santa Paula, CA, USA), which is molded into
a cup-like shape designed to form-fit the human cervix. Bulk
silicone was shaped and cured using a technique similar to liquid
silicone injection molding. Molds for the process were designed
in SolidWorks 3-D CAD software (Dassault Systems, Waltham,
MA, USA) and 3-D printed via fused deposition modeling with
a uPrint Plus (Stratasys, Eden Prairie, MN, USA). Three probe
sizes were designed and manufactured corresponding to cup
diameters of 22, 25, and 28 mm.

A custom-designed fiber optic tube in the intravaginal probe
serves as a female receptacle for the fiber optic bundle at-
tached to the fluorescence measurement system. A BK-7 win-
dow (Swiss Jewel, Philadelphia, PA, USA) seals the cervix-
facing part of the tube. The internal tube geometry is designed
to have a spacer that ensures consistent positioning of the fiber
optic bundle when it is clamped in place with a threaded end
cap.

Each electrode is wired to a modified micro USB 3.0 cable,
which is connected to the impedance measurement system via
female USB 3.0 receptacle. Electrodes were made from grade
2 titanium and custom designed to have circular fins on the
lateral sides of the electrode to increase surface area and provide
better adhesion to the silicone bulk material. Fins were treated
with medical grade primer (PN40096, Applied Silicone, Santa
Paula, CA, USA) and sealed using implant grade RTV silicone
adhesive (PN40076, Applied Silicone, Santa Paula, CA, USA).
Details of the fabrication process are described in Chung et al.
(in review).

B. Fluorescence Measurement System

The excitation subsystem (see Fig. 4(c)) comprises of a
dual LED light source (WFC-H2–0365–0385, Mightex, On-

tario, Canada) with UV LEDs centered at 365 and 385 nm con-
nected to a USB-controlled monochromator with 6-nm band-
width resolution (SMDC1–03, Optometrics, Ayer, MA, USA)
via optical fiber. Light exiting the monochromator is transmitted
along the excitation fibers of the fiber optic bundle (QF600–8-
VIS/NIR, Ocean Optics, Dunedin, FL, USA) and through the
BK-7 window to the cervical tissue. Fluorescent light emitted
from the cervical tissue is transmitted through the BK-7 win-
dow along the emission fibers of the fiber optic bundle through
two long-wave pass filters with cut-on frequencies at 400 nm
(FSR-GG400, Newport) and 420 nm (FSR-GG420, Newport).
The resultant light signal is detected by a USB fiber optic spec-
trometer (USB2000, Ocean Optics). We have written custom
software that controls wavelength selection of the monochro-
mator as well as data acquisition through the spectrometer.

C. Impedance Measurement System

The impedance measurement system (see Fig. 4(c)) utilizes a
bipolar electrode measurement design. A tunable Wien bridge
oscillator was used to generate 1, 2, 5, 10, 20, and 50 kHz sine
wave signals. Three off the shelf square-wave oscillator ICs
(LTC6930, Linear Technology, Milpitas, CA, USA) followed by
seventh-order passive elliptical filters (Coilcraft, Cary, IL, USA)
were used for generation of 1, 2, and 4 MHz sine wave signals.
Frequency selection was accomplished via a signal multiplexer,
which outputs the signal to an op-amp-based voltage controlled
current source (VCCS). The VCCS was designed to output a
±10 μA signal and virtual ground reference, which enter multi-
plexers to select electrode pairs for sampling. A modified micro
USB 3.0 cable is used to interface the impedance measurement
system and the electrodes on the intravaginal probe. Two 9-V
batteries were used to power the impedance system.
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Fig. 5. Graphs depict a full scan measurement of raw LIF and EIS taken at the 12’o’clock position (BK7 window ventral) during week 37 of gestation. LIF
measurements comprise of fluorescence emission spectra that result from an excitation scan from 320 to 420 nm at intervals of 10 nm. EIS measurements comprise
of uncalibrated (see Section V-E) magnitude and phase measurements across pairs of electrodes that have different spatial orientations around the cervix.

Impedance measurement was accomplished by using a gain
phase detector IC (AD8302, Analog Devices, Norwood, MA,
USA) with the difference between the voltage input and output
from the VCCS being proportional to electrical impedance mag-
nitude and phase. Magnitude and phase measurements were then
digitized via a 24-bit ADC (LTC 2400, Linear Technology, Mil-
pitas, CA, USA) and transmitted wirelessly via Bluetooth 2.1
(RN-42, Roving Networks, Los Gatos, CA, USA) to a computer
with custom software for data acquisition. The same software
also controls frequency selection and electrode selection as well
as data acquisition through the fluorescence measurement sys-
tem.

IV. CLINICAL PROOF OF CONCEPT

Under an IRB approved study at the University of Califor-
nia, San Francisco Medical Center, we have collected early
cervical EIS and LIF data from a high-risk pregnant woman us-
ing our prototype. During clinical examination, the subject was
placed in the dorsal lithotomy position. The intravaginal probe
was connected to both fluorescence measurement system and
impedance measurement systems via the fiber optic port and
USB connector, respectively. A Graves speculum was inserted
into the vagina and the cervix was visualized. Excess cervical
mucus was cleaned with a cotton-tipped swab and dH2O. Then,
a sterilized intravaginal probe was inserted with firm force ap-
plied to ensure the silicone cup wrapped around the cervix. Test
measurements were taken via electrode pairs to ensure electrode
contact is achieved. Then, full EIS and LIF scans were taken.
Full scans were taken at two positions—“12-o-clock” and “6-o-
clock”. The former position indicates the BK-7 window oriented
ventrally or toward the patient’s navel, and the latter position
indicates the BK-7 window oriented dorsally. The first time a

subject was measured, the subject’s cervix is fitted to one of
the device sizes based on visual confirmation and test measure-
ments. The best-fit device was then assigned to that subject
for future measurements. Preliminary results from a 12-o-clock
measurement from our first patient are shown in Fig. 5.

V. DISCUSSION

A. In Vitro Experiments

In vitro acellular collagen gels were designed to mimic the
dynamic range of the extracellular environment of cervical tis-
sue across gestation with respect to its electrical and fluores-
cence properties. Gels were made chiefly to inform the over-
all design of our in vivo circuit (i.e., dynamic range), and not
necessarily reproduce all aspects of cervical biology. Typically,
pregnant women exhibit cervical collagen concentrations within
the range of 10–20 mg/mL of collagen depending on the ex-
tent of the cervical ripening process [23], [45]–[48]. The de-
crease in collagen concentration coincides with the decrease
in pyridinoline crosslink concentration. As collagen concentra-
tion decreases, proteoglycan and GAG concentration have been
shown to increase [23], [27]–[29], [48], [49]. Since GAGs such
as hyaluronic acid bind water, increases in proteoglycans and
GAGs result in increased tissue hydration. Our model approx-
imates this effect with a lower collagen-to-PBS ratio in lower
density collagen gels. The results shown in Fig. 3 show the
fluorescent excitation/emission peaks for collagen lie around
370 nm/420 nm. Changes in fluorescence counts, impedance
magnitude, and impedance phase are a function of collagen
concentration, and the range of values is in concordance with
the literature [15], [24], [33]–[35], [39], [41]–[43], [50]–[52].

A clear limitation of our model is the lack of cervical
cells as well as other extracellular matrix components, such



ETEMADI et al.: TOWARDS BIRTHALERT—A CLINICAL DEVICE INTENDED FOR EARLY PRETERM BIRTH DETECTION 3489

TABLE I
APPROXIMATE COST OF DEVICE ASSEMBLY FOR 30 SUBJECTS

as hyaluronic acid. In cervical tissue, epithelial and stromal
cells will contribute additional resistive and capacitive effects to
electrical impedance measurements, but the effect of collagen
concentration and tissue hydration on impedance measurements
is reasonably approximated with our model. With respect to flu-
orescence, the lack of cells means that all fluorescence can be
attributed solely to collagen.

B. Iterative Design Methodology

We have been successful in leveraging a combination of rapid
prototyping tools and bioengineering techniques to dramatically
lower both cost and time necessary for the development and
manufacturing of complex medical devices targeted for clinical
studies. By using physiologically relevant collagen gels to ap-
proximate cervical tissue progression throughout gestation, we
were able to create a bench-top model of the cervix that aided
iterative development of both electrical and optical design. Use
of a controlled model mimicking human-specific parameters al-
lowed the development of a device specifically for clinical stud-
ies without requiring validation on tissue biopsies. We avoided
using an animal model because anatomical differences in cervi-
cal morphology would preclude useful feedback during the iter-
ative design process given the pressure- and position-dependent
nature of electrical impedance measurements.

Having tuned a majority of design parameters in the electrical
and optical subsystems, we then proceeded to validate our de-
sign in nonpregnant human subjects. At the same time, human
testing allowed us to iteratively develop a mechanical design for
the intravaginal probe specific to human cervices. This approach
to medical device development enabled us to begin human test-
ing just after 4 months. Notably, all test subjects claimed little
to no sensation of the device at all during placement and use,
with the exception of the speculum. Iterative refinement of the
intravaginal probe, electrical impedance, and fluorescence sub-
systems ensued for another year before we opened our clinical
study to high-risk pregnant women.

Our ability to achieve short design cycles of a few months was
due in part to the rapidly falling cost of electronics and growing
popularity of tools such as low-cost 3-D printing. These tech-
nologies enabled us to keep a majority of the development and
all of the testing in-house. Furthermore, despite low production
volumes, we were able to produce these devices at a relatively
low cost (see Table I).

C. Intravaginal Probe

By using an in-house 3-D printer to create molds for the
intravaginal probe and using a custom injection system similar to

liquid silicone injection molding, we were able to inexpensively
iterate and hone in on a suitable design for the intravaginal
probe. Further details regarding this process, can be found in
Chung et al. (in review).

Molds were designed to enable precise alignment of elec-
trodes as well as the fiber optic tube. Electrodes were positioned
to target stromal tissue, which is the site of extracellular matrix
changes during cervical softening and ripening. The cup-like
design for the tip of the intravaginal probe was a consequence
of arranging electrodes on both the bottom and sides of the
cup to generate spatial diversity in impedance measurements.
Furthermore, whereas other researchers have used loaded-spring
mechanisms in pencil-probe designs to saturate force-dependent
variability in impedance measurements, we exploited the elas-
ticity of the bulk silicone material itself via the form-fitting
cup-like design to accomplish the same goal [52].

The intravaginal probe was designed with a fiber optic tube to
receive a fiber optic bundle to enable reuse of the same fiber op-
tic bundle in multiple probes that are each individually assigned
to a study subject. BK-7 glass was chosen for the window be-
cause of its excellent transmission in both visible and ultraviolet
wavelengths.

Because metal and silicone do not easily bond to one another,
all metal components in the intravaginal probe were designed
with circular fins that allow liquid silicone to seep in between
the fins during the injection and curing process to better adhere
metal and silicone. Posttreatment with silicone primer and RTV
silicone adhesive enhanced the strength of this junction while
ensuring water tightness.

The difference in sizing for the intravaginal probe tip is to
account for the biological variability of human cervices. Cup
diameters of 22, 25, and 28 mm on the intravaginal probe were
chosen based on trial and error from our iterative development
process as well as existing data for cervical cap fitting [53]–[55].

D. Fluorescence Measuring System

We designed our cervical LIF measurement system based on
existing devices such as the SureTOUCH Collascope (Repro-
ductive Research Technologies, Houston, TX, USA) as well
as excitation and emission data from our collagen gels (see
Fig 3) [15], [33]–[35], [50], [51], [56]–[59]. The Collascope
uses an excitation wavelength centered at 339 nm and segments
emitted wavelengths with a monochromator before detecting
with a CCD spectrometer. Our device differs in that it uses a
monochromator to select excitation wavelengths between 355
and 405 nm. Long-wave pass filters at 395 nm prior to the CCD
spectrometer attenuates reflected excitation light from our mea-
surement and ensures only emitted light is detected (see Fig. 4).
A limitation to the current setup is the large physical size of the
optical setup as well as the need for many components, although
once excitation/emission peaks of interest have been selected,
the optical setup can be simplified to using only LEDs and pho-
todetectors with filter coatings built into each photodetector.
Another limitation is that our range of excitation wavelengths
is dictated by the narrow wavelength spread of our LED light
sources. Furthermore, use of the long-wave pass filters result in
ignoring emission wavelengths below 395 nm.
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We believe the limitations in wavelengths are acceptable be-
cause the main collagen peak can still be captured in the 400–
450 nm range. Interpreting fluorescence of in vivo collagen
around 420 nm is challenging due to the effects of hemoglobin
absorption around this wavelength, which makes collagen ap-
pear to have two overlapping peaks centered at approximately
excitation/emission 320 nm/400 nm and 370/450 nm [24]. This
effect is notably absent in our collagen gel models, which ex-
hibits emission maxima at 420 nm. Another complication in
data interpretation arises from the fact that NADH from cervi-
cal cells also fluoresces at 450 nm when excited between 320
and 390 nm. Fortunately, collagen contributes approximately
70–80% to cervical tissue fluorescence, making it likely that we
can capture changes in the aggregate collagen-NADH peak [24],
[43], [60].

The benefits of using LED light sources include dramatic
reductions in size, cost, and power consumption when compared
to using other UV-generating light sources, such as xenon arc
lamps. We have explored other off-the-shelf UV-light sources,
including lower wavelength LEDs centered around 330–340 nm,
and have found that most are not bright enough to achieve a
measurable fluorescence.

E. Electrical Impedance Measuring System

The EIS measurement system is battery powered and data
are transmitted wirelessly to eliminate any physical connection
to electricity mains, maximizing the safety of the device. The
range of measurement frequencies was chosen to capture differ-
ences in magnitude and phase based on collagen gel impedance
data (see Fig. 3). A discrete set of representative frequencies
was chosen for practical reasons since scanning additional fre-
quencies would dramatically increase the impedance scanning
time due to settling time for oscillators and electrode multiplex-
ing, making measurements impractically long. We designed the
system to acquire all fluorescence and impedance data in ap-
proximately 1 min. Limitations of the current system include
the lack of power optimization and the large physical size of
the EIS printed circuit board, designed as such to facilitate hand
soldering of the board. The impedance magnitude and phase
from the EIS system are computed by converting the magnitude
and phase output voltages of the AD8302 to physical magni-
tude and phase using a first-order conversion obtained from the
manufacturer’s datasheet. Notably, this approach preserves ad-
ditional phase shifts imparted on the output from the circuit
itself, namely, the inverting amplifier and patient protection cir-
cuitry. Future iterations of the device will calibrate out these
values, however, as the device is chiefly designed to trend mea-
surements over time, such a calibration may not be required.

The EIS measurement system uses a bipolar electrode con-
figuration in order to perform a four-terminal sensing to acquire
impedance signals. This differs from other researchers who
have pursued a tetrapolar configuration, which removes con-
tact impedance that arises from the measurement electrodes and
epithelial tissue layer, but results in complex voxel-dependent
sensitivity, which can be either positive or negative within a
volume conductor such as tissue [37], [61]–[64]. In a bipolar

configuration, contact impedance decreases measurement accu-
racy, but the resultant measurement does not have a complex
spatial dependency with only positive sensitivity voxels within
the volume conductor.

We selected the bipolar electrode configuration to remove
the possibility of decreasing measurement sensitivities, espe-
cially given the complex electrode placement around the cup-
like probe tip as shown in Fig. 4. Because bipolar measurements
have positive sensitivities at all voxels, we can vary electrode
pair placement in x-, y-, and z-dimensions and easily compare
impedance data between different electrode pairs since there is
no complex sensitivity field affecting measured impedance. To
our knowledge, researchers have thus far only examined cer-
vical EIS at the distal face of the cervix and not at the lateral
sides of the cervix. Our motivation for tracking both the face and
lateral sides of the cervix is that impedance values may vary spa-
tially in cervical tissue across gestation. Any force-dependencies
in contact impedance are removed by the unique design of
the intravaginal probe since the silicone cup-like structure fits
tightly around the cervix to provide sufficient pressure on the
electrodes in order to saturate force-dependency in impedance
measurement.

Many existing tetrapolar impedance measurement systems
are designed for use as a point-of-care device for either labor or
cervical cancer detection in which a single impedance scan is
used to make a diagnostic conclusion. This goal lends itself to
the tetrapolar method because of the requirements for boosting
measurement accuracy and removal of contact impedance con-
tributions to attain an absolute measurement. However, we are
interested in monitoring the change of cervical impedance over
time as the cervical softening and ripening processes progresses.
In this case, we can leverage data comparisons over time to re-
move static impedances in our measurement system such as the
impedance of titanium electrodes. Difficult-to-control variables
such as cervical mucosa can also be similarly attenuated.

F. Human Data

Seven of 40 total pregnant subjects have been recruited to date
and detailed presentation of all data will be the subject of future
work. Fig. 5 depicts the preliminary data captured in a single
scan on one high-risk pregnant woman at 37 gestational weeks.
At this time, cervical collagen crosslinking is at a minimum
and should result in minimum collagen fluorescence. Despite
this, the collagen peak can still be observed at around emission
wavelengths of 500 nm, indicating that our device can capture
the full dynamic range of collagen fluorescence. Peaks at 400 nm
are excitation light that bleeds through our 395-nm cut-on filters.
The choice to allow light bleed-through is intentional to allow
emission data and perhaps impedance to be normalized to the
detected excitation light. Peaks at 800 nm are attributed to the
second-order harmonic excitation light, which serves as another
reference for normalizing collagen fluorescence.

Different electrode pair combinations provide results within
the expected range. However, it is interesting to note the spatial-
dependent differences in impedance signals. Differences in the
detected impedance magnitude and phase of electrode pairs on
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the left side (A-B, B-C) and right side (D-E, E-F) of the device
indicate that the cervix has shortened and effaced to the point
that it is difficult for the cup-like geometry of the device to fit
completely around the cervix. Visual observation of the cervix
confirmed that it had indeed shortened and approximately 2-cm-
dilated at the time this measurement was taken. The increased
magnitude and phase of impedance on the left side suggests that
electrodes A-B and B-C may have had poor tissue contact during
this measurement. However, given that the device was designed
to form-fit the cervix at earlier stages of parturition to track
early changes in cervical tissue, this is an acceptable limitation
for our device. As we continue to examine data throughout
pregnancy, we will determine whether trends in impedance can
be established earlier in the parturition process.

VI. CONCLUSION

We have utilized rapid prototyping and iterative techniques
to develop an intravaginal device using both bioimpedance and
fluorescence to characterize microstructural changes in a preg-
nant woman’s cervix in hopes of detecting preterm birth before
macroscopic changes manifest in the tissue. Data collected from
a high-risk pregnant woman are promising as we continue to ex-
amine clinical study data using data trending and signal fusion
techniques.
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