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Highlights

e This work provided a novel rapid quantitative determination method for LH with GICS. In summary, the
highlights of the work are:

¢ A luminance-compensation method was applied to reduce environmental interference and increase the
detection consistency of GICS image.

e Canny edge detection operator and mathematical morphology were applied to obtain the GICS reading
window, and fuzzy c-means (FCM) clustering algorithm were applied to extract the test line and control
line.

e  The property of the developed quantitative method is demonstrated by the detection of standard LH sample
and clinical sample. Results showed that the proposed method could acquire quantitative result in 15 min
and also showed high efficiency and high sensitivity, which made it potential to be applied in instantaneous
measurement of LH.



Abstract

Measurement of the luteinizing hormone (LH) level is very important in assisted reproduction, the diagnosis of
ovarian diseases, and evaluation of clinical effects. The objective of the present study was the development of
a smartphone-based quantitative method for determining the LH level using a gold immuno-chromatographic
strip(GICS). In the developed method, a smartphone is used to obtain the image of the GICS and Canny
operator and fuzzy c-means clustering algorithms are used to extract the test and control lines of the GICS. A
luminance compensation method is used to reduce environmental interference and increase the detection
consistency of the GICS image. Experimental results revealed that the proposed method effectively reduced
the relative standard deviation (RSD) of the measurements, afforded high linearity within LH levels of
1.0-83.3 mIU/mL (r = 0.996), and was highly reproducible using different types of smartphones and GICSs.
The proposed method was further used to detect clinical serum samples (n = 31), with the achievement of a
corresponding correlation coefficient of 0.974 against conventional large biochemical instrument; and to track
the urine LH level of a volunteer during ovulation, with quantitative results obtained within 15 min. The
method was found to be highly efficient and sensitive and is thus potentially applicable to rapid quantitative
LH testing.

Keywords: Luteinizing hormone, Gold immunochromatographic strip, Quantitative detection, Assisted

reproduction



1. Introduction

The luteinizing hormone (LH) is one of the hormones produced by gonadotropic cells in the anterior
pituitary gland[1]. It enables the theca cells in the ovaries to generate androgens and hormonal precursors for
estrogen production[2]. Normally, functional ovarian activity involves the synergic action of the two pituitary
gonadotropins, follicle-stimulating hormone (FSH), and LH, which together determine follicular growth,
maturation, ovulation, and luteinization[3,4]. The LH concentration significantly impacts the morphological
and functional changes that occur in the oocyte, as well as determines the meiotic status of the oocyte and its
ability to be fertilized[6]. An acute rise in the LH level, referred to as “LH surge,” triggers ovulation and the
development of the corpus luteum[7,8]. LH detection is thus often employed in assisted reproduction[9,10].
The measurement of the LH level is also very important in the diagnosis of ovarian diseases and evaluation of
clinical effects [11,12,13]. While the LH is secreted as pulses, it is necessary to monitor its concentration over
a sufficient period of time to obtain reliable information about its level in the blood. The LH contains fewer
sialic acid residues than the FSH, and the former is thus more rapidly cleared from the circulation, resulting in
more pronounced LH pulses. This is reflected by the 30-min half-life of the LH compared with the 149minof
FSH[14].1t is therefore necessary to minimize the waiting time for an LH detection test, with point of care
(POC) measurement being the best alternative for this purpose.

Traditional detection methods such as enzyme-linked immunosorbent assay (ELISA), chemiluminescent
immunoassay (CLIA), and electro-chemiluminescence immunoassay (ECLIA) require specialized equipment
and professional personnel, and this makes them unsuitable for POC measurements. Gold
immunochromatographic strip (GICS) is a fast immuno-labeled analysis technology that boomed in the early
1990s[5].GICS has many advantages such as simplicity, low cost, high speed, and non-requirement for skilled
technicians. The technology is thus practicable for POC LH measurement. However, GICS is colorimetric and
involves naked-eye analysis. This causes significant variability of its results among different users, for which
reason its utilization has been substantially limited [8].However, different methods for fast quantitative GICS
detection have been proposed. Jiang proposed a method for the rapid quantitative detection of alpha fetoprotein
(AFP)using GICS and a reflective optical fiber module [17]. During the operation of the employed stepper
motor, the signals from the test and control lines of the GICS are sequentially acquired by the reflective optical
detection module. In this system, a mechanical scanning device is used to obtain an image of the GICS reading
window. An attractive alternative method is quantitative detection based on the GICS image. Along this line,
Sumonphan[18] used a commercial optical scanner (Canon N 640Pex)to obtain the GICS image, while Wu [19]
introduced a chromogenic rapid test reader for measuring the concentration of prostate-specific antigen (PSA).
The systems used in these works afforded more accurate measurements and shorter test times. However,
auxiliary optical apparatus were required to obtain the GICS image, for which reason the methods are

unsuitable for POC LH measurement.



A more reasonable approach to POC LH measurement is the use of a readily available digital photo
detection system such as a smartphone with a built-in camera [20,21]. However, the image of a GICS obtained
by a smartphone would be significantly affected by environmental illumination[22,23]. The elimination of this
environmental interference to enhance the measurement consistency has been a major and difficult research
issue regarding quantitative GICS detection. In the present study, a fast quantitative GICS detection method
that utilizes a smartphone was developed. In the proposed method, a smartphone is used to obtain the GICS
image. A canny edge detection operator is then used to extract the GICS reading window, while a fuzzy
c-means (FCM) clustering algorithm is used to extract the test and control lines from the reading window. To
reduce environmental interference, luminance compensation using color constancy algorithms is employed.
The relative luminance based on the color intensities of the test and control lines is calculated and the linear
fitting curve of the relative luminance versus the LH concentration is obtained through the detection of a
standard LH solution. The effectiveness of the proposed method was demonstrated by applying it to the

detection of a standard LH sample and a clinical serum sample.

2. Experimental
2.1 Apparatus and Reagents

The smartphones that were used in the present experiments were a Huawei Honor v8(Huawei
Technologies Co. Ltd., Shenzhen, China), Samsung Galaxy Note 2 (Samsung Group, Korea), and Xiaomi Mi
5X (Xiaomi Inc., Beijing, China). An HP Color LaserJet Pro M277DW (HP Development Company, L.P.,USA)
was employed. The clinical serum samples were detected by an electro-chemiluminescence immuno-assay
(ECLIA) system (Beckman Acess2, Beckman Coulter, Inc., USA), while the urine samples were detected by
an ELISA system(BioTek ELx8081U, BioTek Instruments, Inc., USA).Reagent-grade water with a specific
resistance of 18.2M was supplied through a Michem ultrapure water apparatus (Michem Instruments Co.,
Chengdu, China).

The other experimental equipment included a human LH ELISA Kit (HengYuan Bio-technology Co., Ltd.,
Shanghai, China), two types of GICSs (Runbio Biotech Co., Ltd., ShanTou, China), and a standard LH sample
(Beckman Coulter Inc., USA). All the buffer reagents and other inorganic chemicals were purchased from
Sigma—Aldrich Chemical Co. Ltd (St. Louis, MO, USA). All the chemicals were of analytical reagent grade
and used without further purification. All the experiments were performed at ambient temperature. The utilized
clinical serum samples were obtained from the Peking University First Hospital.

2.2 Clinical samples and volunteers

Thirty-one clinical serum samples were obtained from the Peking University First Hospital for
comparative analyses. The samples had been previously detected at the hospital by an ECLIA system to
determine their LH concentrations. The employed urine samples were provided by volunteers. The study

protocol was approved by the Human Research Ethics Committee of Peking University First Hospital.



2.3 GICS detection procedure
2.3.1 Detection principle and structure of GICS

In a typical GICS, a colloidal gold-labeled antibody is immobilized on a conjugate pad. This is a
temporary adsorption and can be flushed away by any buffer solution. A primary antibody(referred to as the
capture antibody)against the target analyte is immobilized on the test line, while a secondary antibody against
the labeled conjugate antibody is immobilized on the control line. When the conjugate-pad side of the GICS is
dipped into the specimen solution, the specific colloidal gold-labeled antibody(detector reagent)on the
conjugate pad would be solubilized by redissolving in the specimen solution and react with the target analyte
(if present in the solution) to form a gold/antibody/antigen compound. The liquid then migrates to the
absorption pad by capillary action. When the liquid flows through the test line, the gold/antibody/antigen
compound reacts with the capture antibody and accumulates in the test line, forming a red band on the
membrane. The excess labeled antibody conjugate is captured in the control line by the secondary antibody,
while the buffer or excess solution goes to the absorption pad. The color intensity in the test line corresponds
to the amount of the target analyte, the concentration of which can be determined from the strength of the test

line[15,16]. Figure 1 shows a schematic of the general sandwich format of a GICS.

2.3.2 GICS detection

The GICS detection procedure is presented in the flowchart in Figure 2.In this study, the LH sample was
first placed in a test tube and the conjugate-pad side of the GICS was dipped into the sample solution for 20 s.
The GICS was then taken out and laid flat on a paper template. After 10 min, a smartphone was used to
photograph the GICS and the obtained image was subsequently processed as described in Section 2.4. Finally,
the concentration of the LH was calculated based on the relative luminance using a linear fitting curve. The

detection requires no more than 15 min, which makes it especially applicable to point-of-care tests(POCTS).

2.3.3 Condition of image collection

In this work, we designed a paper template with special patterns, as shown in Figure 2 (B). The pattern
comprised two concentric black rectangular frames with a white arrow at the center. The inner and outer
dimensions of the outer frame were 7.0 X 13.5and 10.0 X 16.5 cm, respectively. The outer dimensions of
the inner frame were 1.5 X 10.0 cm. Before taking the photographs, the GICS was placed on the inner frame,
covering the white arrow at the center, with the flow direction the same as that of the arrow. The automatic
exposure mode was used to obtain the photographs and the images were saved in jpg format (3264 X 1840

pixels). During the photographing, care was taken to ensure that the border of the image was within the



relevant black rectangular frame. This was to ensure that the captured images always had similar structures, to
significantly shorten the reading window cutting time.
2.4 Processing of GICS Image

The step of the smartphone-based LH level determination involving the processing of the obtained GICS
image is described below.

1) Canny operator for cutting of GICS reading window

Canny edge detection is a technique for extracting useful structural information from different visual
objects and can be used to substantially reduce the amount of data to be processed[24]. In the present study, the
GICS images were uniformly obtained. Hence, the structures of the different images were very similar and the
approximate location of the GICS could be calculated. The unwanted part of the image could thus be cut based
on the structure of the paper template. This means that the processed image was smaller than the original one,
enabling significant reduction of the computational cost. The processed GICS images were subsequently
converted into grayscale and the canny operator was used to extract their edges. However, the edges of an
image obtained by this method do not produce a continuous curve. Thus, mathematical morphology was used
to obtain the boundaries of the GICS and extract the GICS reading window from the original image.

2) Fuzzy c-means clustering algorithm segmentation

To determine the locations of the test and control lines, the signal data was segmented by using a fuzzy
c-means (FCM) algorithm to assign pixels of the image to three classes in terms of test line, control line and
background part. An FCM is an unsupervised clustering algorithm that has been successfully applied to a
number of problems such as feature analysis, clustering, and classifier designing [25,26]. It is an iterative

optimization algorithm that minimizes the object function

Jn(U, v, 0, 0) = BP0 N6 (wi) ™" (dij)? 1)
wherew;; € [0,1], Xi_ju;; =1, Vi =1,..,n,X={X1, Xz...xn}is the data set, U = [UjjJexn is the fuzzy
c-partition matrix, V = [vi]cis the cluster center matrix, n is the number of data points, ¢ is the number of
clusters, m&[1,2°) is a weighting constant, and d;; = ||v; — x;|| is the distance(usually Euclidian distance)
between the i th cluster center and the j th data point.

In this work, to reduce the computation cost, clustering was applied to the GICS reading window extracted
from the image. Considering the image characteristic of the GICS, the parameters of the segmentation
algorithm in the present study were as follows: number of clusters, ¢ = 3, weighting constant m = 2. An
example of the segmentation is shown in Figure 2(C-2).

3) Luminance compensation using color constancy algorithms

Actually, the surface of a given object would produce different reflectance specters under different lighting
conditions. Hence, the image of a GICS obtained by a smartphone would be significantly affected by the
environmental illumination conditions. To reduce the environmental interference, a luminance compensation

method that utilizes a Max RGB color constancy algorithm was employed. The use of a Max RGB algorithm is



an extremely simple method for estimating the chromaticity of a scene illumination for evaluation of the color
constancy[27,28]. It assumes that there is a white patch in the scene of every image, and that the maximum
value of each color channel of an RGB-format image appears in this white patch. Thus, with the assumption of
the presence of the white patch, the maximum value of each of the R, G, and B channels of an image is the
illumination color. In this work, we considered the background part of the GICS reading window as the white
patch. Hence, before the GICS detection, it was necessary to determine the standard parameters of the assumed
white patch. For this purpose, we prepared several GICSs, which were used to detect LH solutions of different
concentrations, and used a scanner to obtain standard images of the GICSs. Through the above-described
image processing method, the background part of the reading window of each GICS was extracted, and the
average values (Ra, Ga, and Ba) of the R, G, and B channels were calculated and stored as the standard
parameters in the smartphone. These standard parameters could be used to detect GICSs of a similar type. To
conduct the LH detection of the present samples, the GICS images obtained by a smartphone were processed
by the above algorithm to extract the background part of the reading window. The R, G, and B components of
the background part were then determined and the respective average values for the three channels (Ro, Go, and
Bo) were calculated.

The following diagonal transformation matrix based on a Von Kries model was obtained for the proposed

luminance compensation method:

Rafp 0 0
p=| o %, 0 ¥
o o Py

The original image can thus be converted into the luminance compensation image by the following

diagonal matrix production:
I =D *I, ©)

where |, is the original image, and I is the luminance compensation image.

4) Concentration

As mentioned earlier, the luminance of a signal from a test line or control line affords a basis for the
quantitative evaluation of the LH level. After the luminance compensation step, segmentation of the luminance
compensation image was used to extract the corrected test line, control line, and background part, and calculate
the relative luminance R. of the GICS. The relative luminance was introduced to determine the concentration
of the measured substance and can be calculated as follows:

T B
izt _EialB

Lt
R =l _n " x 4
L L¢ Zic=1IC_21i3=1112? “)
M K

where Lrand Lcare the luminance values of the test line and control line, respectively; T, C, and Bare the

pixels in the test line, control line, and background part, respectively; and I, Ic, and Ig are the gray levels of the



pixels in the test line, control line, and background part, respectively. The following equation applies:
I = 0.299R + 0.587G + 0.114B (5)
Through the detection of standard LH samples of different concentrations, the R, values of the samples
were determined and a linear fitting curve of Rversus LH concentration was obtained by least squares. The
linear fitting curve was further used to determine the LH concentrations of other samples using the images of
the GICSs obtained by a smartphone.

3. Results and discussion

3.1 Performance of proposed method
3.1.1 Time response curve of GICS

It is obvious that the strengths of the test and control lines vary with time. It is therefore important to
determine when to image the GICS. The present experiments were performed as follows. A standard LH
sample (40 mlU/mL) was placed in a test tube and a GICS strip was dipped into it to react with the LH.
Twenty seconds later, the GICS was placed in a Laser-scan and scanned for a minute to obtain varying GICS
images. The relative luminance values of the test and control lines were then calculated from the images. As
shown in Figure 3, the strengths of the test and control lines initially increase with time and then begin to
steady after about 10 min. The photographs of the GICSs after 10 min of the reaction were thus adopted to

decrease the detection error due to variation of the strengths of the test and control lines.

3.1.2 Performance of luminance compensation method

To evaluate the performance of the proposed luminance compensation method, two measurement
processes were considered, namely, with the luminance compensation and without it. The repeatabilities of the
two processes were also compared. First, a GICS was used to detect the standard LH solution of concentration
40 mlU/mL. A smartphone was then used to obtain photographs of the reacted GICS under three different
conditions, namely, in a bright environment, a dim environment, and under the flash lamp of the smartphone.
The GICS images were then subjected to the two measurement processes to determine the relative luminance
values. The relative standard deviations(RSDs) of the results for the respective processes were calculated and
analyzed.

Table 1 presents the results for the two processes, where "A" indicates the process with luminance
compensation, and "B" the process without luminance compensation. As can be observed, the RSD for the
former is 4.26%, while that for the latter is 8.04%, which confirms that the proposed luminance compensation

method significantly improves the detection performance.



3.1.3 Analytical performance of proposed method

The performance of the proposed method was evaluated using standard LH solutions of different
concentrations. A standard LH sample (250 mIU/mL) was diluted to 83.3, 50.0, 20.0, 10.0, 5.0, 2.0 and 1.0
mlU/mL, respectively, with an assay buffer. The other steps of the process, such as the immune reaction,
photographing, and image processing, were performed as described above. The assay buffer was also detected
as a negative signal. As can be seen from Figure 4(A), the relative luminance increases with increasing LH
concentration, with the calibration plots revealing a good linear relationship (with a linear correlation
coefficient of 0.996) between the relative luminance and the LH concentration for values of 1.0-83.3 mIU/mL
of the latter. Generally, during the reproductive years, the basal LH levels of a woman is within 2-15 mIU/mL.
LH, rapidly increasing (LH surge) to 20-100 mIU/mL and then decreasing to 4-10 mlU/mL at the beginning
and in the late stage of ovulation, respectively. The proposed method may thus be feasible for determining the
LH level of serum samples.

To further evaluate the improvement of the measurement process afforded by luminance compensation, A
given GICS image was processed with and without luminance compensation. As can be observed from the
results in Figure 4(B), the calibration plot for the measurement without luminance compensation has a lower
linear correlation coefficient(r = 0.986) and a poorer error bar compared to the process with luminance

compensation, indicating a higher linear correlation and repeatability of the former.

3.1.4 Evaluation of selectivity of proposed method

Good selectivity is very important for bio-analysis detection methods. To characterize the specificity of the
proposed method, the cross-reactivity between the analyte and the interfering substance was investigated. For
this purpose, estradiol (E2), follicle-stimulating hormone (FSH), dopamine(DA), uric acid (UA), neuron-
specific enolase (NSE), and carcinoembryonic antigen (CEA) were used as the interfering substances, with
concentrations of 580 pg/mL, 25 mIU/mL, 1ng/mL, 1ng/mL, 1ng/mL and 1ng/mL, respectively. Standard LH
solutions with concentrations of 2 and 10 mIU/mL, respectively, were also tested for comparison. Expectedly,
only the GICS reacted with the LH, which yielded an obvious test line, whereas the test line for the interring
substances were negligible. The relative luminance values are shown in Figure 5. Compared with the relative
luminance for only LH (10 mIU/mL),the values for the reaction in the presence of the interfering substances
are negligible. This indicates that the interfering substances do not noticeably interfere with the LH detection.
Furthermore, it is obvious from Figure 5 that an LH concentration as low as 2.0 mlU/mL can be detected with

a signal-to-noise ratio of 3.
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3.1.5 Evaluation of repeatability of proposed method

The repeatability of the proposed method was also investigated by an assay of a standard LH solution of
concentration 40 mIU/mL. Five different GICSs were respectively used to detect the standard LH solution and
a smartphone was used to take the photographs (n>3) of the reacted GICSs under different conditions. The
images were then processed to obtain the relative luminance. Based on the experimental results, the
coefficients of variation (CVs) of the GICS images were calculated (see Table 2).As can be seen, the CVs for
the different GICSs are within 0.69%-6.06%, with the overall value being 7.45%, indicating that the proposed

method is acceptably repeatable.

3.1.6 Reproducibility by different smartphones

The images obtained by different types of smartphones vary. To evaluate the reproducibility of the
proposed measurement method with respect to the employed smartphone, the GICS-based detection process
was performed using three different types of smartphones, namely, a Samsung Note 2, Mi 5X, and Huawei
Hornor V8, respectively. Standard LH samples of concentrations 50.0, 25.0, 10.0, and 2.5 mlU/mL were
detected. After 10 min of detection using the GICS, the three smartphones were used to photograph the GICS
and the obtained images were processed by the proposed method. Finally, the relative standard deviation (RSD)
of the relative luminance values of the images were calculated and analyzed. Table 3 gives the results for the
three smartphones (A. Samsung Note 2, B. Mi 5X, C. Huawei Hornor V8). As can be observed from Table 3,
the RSDs are within 1.71%-7.78%, which indicates that the proposed method is well reproducible by different

types of smartphones.

3.1.7 Reproducibility by different GICSs

There are several types of GICSs available for LH detection and a robust quantitative detection method
should be reproducible by different types of GICSs. The GICSs produced by different manufacturers have the
same detection principle and similar structures, but differ with respect to the color intensities of the test and
control lines. It is thus necessary to obtain the linear fitting curves for the different GICSs before their
application to LH detection. In this study, two different types of GICS (GICS A and GICS B) produced by
Runbio Biotech Co., Ltd., ShanTou, China were considered using the present algorithm. GICSs A and B were
used to detect standard LH samples and the corresponding linear fitting curves were obtained, with equations
Crr= 1*52.65 - 10.00 and C.n = 1*33.33 - 7.74, respectively, where | is the relative luminance and C4 is in
mlU/mL. As can be observed, the two equations have quite different slopes and intercepts. The two GICSs

were respectively used to detect several other LH samples and the corresponding concentrations were
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calculated using the above linear fitting curves. The determined concentrations were compared with the
standard concentrations and the relative errors were calculated, as presented in Table 4. The relative errors for
GICSs A and B can be observed to range within -2.35%-7.93%and -5.95%-8.80%. This shows that the
proposed LH detection method is sufficiently accurate and reproducible by different GICSs.

3.2 Analytical performance of clinical serum samples

The proposed method was used to assay clinical serum samples obtained from the Peking University First
Hospital. The serum samples had been previously detected by an ECLIA instrument in the hospital and the
determined concentrations, which were within1.23 — 33.75 mlU/mL, were considered as the standard values.
First, the linear fitting curve of the relative luminance versus the LH concentration was established through the
detection of standard LH samples. Thirty-one clinical serum samples were then detected using the
above-described procedure and the corresponding LH concentrations were calculated using the linear fitting
curve. Figure 6 shows the correlation between the results obtained by the ECLIA instrument and those of the
proposed method. Good agreement, represented by r = 0.974, was determined. This confirms the potential of

the proposed method for LH detection in clinical diagnostics.

Figure 6

3.3 Application in monitoring LH levels in urine

The LH level in urine is often used in assisted reproduction and is also important to the diagnosis of
ovarian diseases and the evaluation of clinical effects. To evaluate the effectiveness of the proposed method for
urine sample analysis, several urine samples obtained from volunteers were assayed by both the proposed
method and the classical enzyme linked immune-sorbent assay (ELISA) method. As indicated in Table 5, the
relative errors between the two methods are within -5.72% — 6.63%, indicating that the detection results of the

proposed method acceptably agree with the reference ELISA data.

To monitor the feasibility and applicability in monitoring LH level in urine of the proposed method, we
considered a 35 years old female volunteer with a stable menstrual cycle (301 days) and tracked her urine
LH level during ovulation. The detection began on the 13th day after menstruation. Every day, she provided
her urine sample and its LH level was detected by a GICS. A smartphone (Huawei Honor v8) was used to take
the photograph of the GICS and the obtained image was processed through the proposed method to quantify
the LH level. The results of the daily detection, which lasted for 7 days, are shown in Figure 7. It can be seen

from the figure that the basal LH level is about 5 mIU/mL, and the peak level higher than 35 mIU/mL, which

12



is about six times the basal level. The peak level appeared approximately on the 17th day after menstruation.

From all the above results, it can be seen that the proposed method could be used to quantitatively assess
the LH level within 15 min and with high efficiency and sensitivity. The fast quantitative assessment and
clinical chemistry of the proposed method are mutually complementary. If time is not critical and the
appropriate equipment is available, laboratory-based methods would be suitable. However, when the LH level
is to be determined at home or work, rapid quantitative assessment is preferred.

3.4 Comparison of different quantitative GICS determination methods

The quantitative GICS-based detection offers a practical approach to point-of-care testing and many
studies have been devoted to establishing techniques for such. Table 6 compares the presently proposed
method with other similar quantitative determination methods. Jiang[17] proposed a rapid GICS method for
the quantitative detection of AFP using a reflective optical fiber. Under the propulsion of a stepper motor, the
signals of the test and control lines of the GICS are sequentially acquired by a reflective optical detection
module. Because of the limited irradiated area of the optical fiber, a mechanical scanning device is required to
obtain the image of the reading window of the GICS. This makes the detection module bulky. The use of a
GICS image for the quantitative detection is a good alternative approach. Sumonphan[18] proposed a
GICS-based method for estimating Nevarapine (NVP) drug concentration. The GICS images are acquired
by a commercial optical scanner (Canon N 640Pex) and processed by support vector regression (SVR)to
estimate the drug concentration. Wu[19] proposed a system for the rapid quantitative estimation of
prostate-specific antigen (PSA) using a homemade chromogenic rapid test reader. The reader captures the
reflectance of the signal line of the GICS via a charge-coupled device camera and the image is processed to
determine the PSA concentration. The methods presented in references [18] and [19] require special optical
inspection equipment, which makes them unsuitable for POCT. David[29] developed a cell-phone-based
reflective optical detection apparatus for the quantitative detection of the thyroid stimulating hormone (TSH).
The flash of the cell phone camera is used as the light source. An accessory module with an optical fiber and
collimating lens are used to channel the light of the flash to illuminate the GICS. The system was evaluated by
using it to detect human serum and was found to exhibit good sensitivity and reproducibility. Owing to its high
megapixel imaging sensor and ability for real-time image processing, a smartphone can be explicitly used to
sense different chemical and biological samples through the use of a GICS or paper-based chip.
Preechaburana[30] used a mobile phone as the measurement platform for acquiring a high dynamic range
(HDR) image of a GICS for the detection of N-terminal proBNP (NT-proBNP). Cold light sources were used
to produce three illuminations and three images were acquired in the automatic exposure mode. This method
was used to detect an NT-proBNP solution with good performance within the diagnostics range. The systems

presented in references [29] and [30] both require an auxiliary module, which limits their application. In

13



contrast, in the presently proposed method, a smartphone is used to acquire the GICS image and no other
accessory apparatus is required. Environmental interference is reduced by a luminance compensation
constancy algorithm. Experimental implementation of the method revealed high efficiency and sensitivity,

which makes it a powerful potential tool for medical POC diagnostics.

4. Conclusion

A novel rapid quantitative LH detection method using a GICS was developed. In the proposed method, a
smartphone is used to obtain an image of the GICS, with a luminance compensation method used to reduce
environmental interference and increase the detection consistency. Canny edge detection and mathematical
morphology are used to obtain the GICS reading window, and a fuzzy c-means clustering algorithm is used to
extract the test and control lines of the GICS. The effectiveness of the method was demonstrated by using it to
detect standard LH samples and clinical samples. The experimental results revealed a correlation coefficient of
0.996for standard LH concentrations of 1.0-83.3 mIU/mL, and a limit detection of 2.0 mIU/mL (S/N = 3). The
proposed method was also shown to retain its effectiveness for different types of smartphones and GICSs.
Thirty-one clinical serum samples were further used to compare the results of the proposed method with those
obtained by a large ECLIA instrument, with a correlation coefficient of 0.974 observed. The utilization of the
proposed method to track the LH level in the urine of a 35 year-old female volunteer during ovulation showed
that the method could be used to obtain quantitative results within 15 min, with high efficiency and sensitivity.
This indicates the applicability of the method for LH field testing.
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FigureCaptions

Figure 1. Schematic of the general sandwich form of a GICS

Figure 2. Procedure of the proposed method: (A) Sample detection using a GICS, (B) photographing of
the GICS 10 min later using a smartphone, (C) image processing to determine the LH level, and (D)
tracking the LH level

Figure 3. Time variation of the GCIS luminance

Figure 4. Relationship between the concentration of the LH and the relative luminance: (A)Linear curve
of the proposed method with luminance compensation, and (B)linear curve of the proposed method
without luminance compensation

Figure 5.  Selectivity of the proposed method

Figure 6. Correlation between the ECLIA method and the proposed method

Figure 7. Variation of the LH level in the urine of a female volunteer during ovulation
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Figure 2. Procedure of the proposed method: (A) Sample detection using a GICS, (B) photographing of
the GICS 10 min later using a smart phone, (C) image processing to determine the LH level, and (D)

tracking the LH level
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curve of the proposed method with luminance compensation, and (B) linear curve of the proposed
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Table 1. Relative standard deviation of the two methods

A B
Environ ; ;
et Relati R Relati R
ve ve
. SD . SD
luminance luminance
Bright 0.679 0.733
environment
. 2::" N 0.686 . 0.781 8.
environme 26% 04%
Flash-la
mp 0.733 0.856
environment

Table 2. Repeatability of proposed method

No.

CV of Each GICS

CV of All GICSs

o B~ W N -

4.26%
0.69%
5.62%
6.06%
5.30%

7.45%
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Table 3. Reproducibility between different types of smart phones

Concentrat Relative luminance
o ion RSD
' (mIU/mL) A B ¢
1 25 0.117 0.120 0.135 7.78%
2 10.0 0.282 0.256 0.298 1.72%
3 25.0 0.595 0.582 0.611 2.37T%
4 50.0 0.883 0.880 0.908 1.71%
Table 4. Reproducibility of the proposed method using different GICSs
GICS A GICSB
Standérd Proposed Relative Propose Relative
. concentration method d method
. (mIU/mL) error error
(mlU/mL %) (mIU/m %)
) L)
1 5.0 4.69 6.20%  4.56 8.80%
2 10.0 10.48 -4.80%  10.84 -8.40%
3 20.0 20.47 2.35%  21.19 -5.95%
4 25.0 25.10 -0.40% 255 -2.00%
5 30.0 27.62 7.93% 2832 5.60%
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Table 5 Relative standard errors for urine assays

Proposed ELIS .

N method A Relative error

0. 0

(mIU/mL) ng':)' U/ (%)

1 42.18 42.55 -0.88%

2 32.21 32.25 -0.12%

3 24.57 26.06 -5.72%

4 14.61 13.70 6.63%

5 6.97 6.58 5.84%
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Author Detection method Detection instrument Sample Detection object
Jiang Reflective optical Reflective fiber optical
[17] detection module Serum AFP
Sum[cigﬁ)han Image processing Commercial scanner Standard solution HIV
Ellv;] Image processing Optical image reader Serum PSA
David - Smartphone-based fiber
[29] Image processing optical module Serum TSH
Preec[hS%l:iurana Image processing Smartphone Standard serum NT-proBNP
Present work Image processing Smartphone Serum, LH

Table 6. Comparison of different quantitative detection methods
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