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ABSTRACT 

 
Neutropenia -- the lack of neutrophils, the most common type of white blood cell -- is one of the 

most serious side effects of cancer chemotherapy. Its main negative outcome is an elevated risk of 

a life-threatening infection known as febrile neutropenia. When febrile neutropenia occurs, cancer 

patients who are receiving chemotherapy must be referred to a hospital emergency room for 

prompt evaluation. Every year, up to 20% of cancer patients on chemotherapy need to be 

hospitalized due to febrile neutropenia. Febrile neutropenia thus remains one of the main causes 

of sepsis, hospitalization, and mortality in cancer patients treated with chemotherapy. 

 

The current standard of care for detecting neutropenia involves the extraction and analysis of blood 

samples with laboratory equipment. These methods require trained personnel and patient visits to 

their healthcare centers, which inherently limits how frequently these tests can be performed and 

prevents the timely detection of severe neutropenia before febrile neutropenia and its negative 

outcomes ensue. This PHD thesis proposes a non-invasive method that employs a portable optical 

prototype to perform point-of-care neutropenia screening without the need of a blood sample. The 

proposed method records one-minute videos of blood flow in nailfold capillaries and detects 

optical absorption gaps (OAGs) in the microcirculation as indicative of neutrophils squeezing 

through the capillaries. Using videos from chemotherapy patients undergoing an autologous stem 

cell transplant (ASCT), we demonstrate that the analysis of OAGs can be used to accurately 

differentiate baseline patients (>1,500 neutrophils per µL) from those undergoing severe 

neutropenia (<500 neutrophils per µL). These results suggest that the integration of optical imaging, 

consumer electronics, and data analysis can make non-invasive neutropenia screening accessible 

to patients at the point of care. 

 

 

 

 

 

 



 

RESUMEN 
 

 

Neutropenia -- la falta de neutrófilos, el tipo más común de glóbulos blancos -- es uno de los 

efectos secundarios más graves de la quimioterapia contra el cáncer. Su principal resultado 

negativo es un riesgo elevado de una infección potencialmente mortal conocida como neutropenia 

febril. Cuando ocurre una neutropenia febril, los pacientes con cáncer que están recibiendo 

quimioterapia deben ser remitidos a la sala de emergencias de un hospital para una evaluación 

inmediata. Cada año, hasta el 20% de los pacientes con cáncer que reciben quimioterapia necesitan 

ser hospitalizados debido a una neutropenia febril. Por tanto, la neutropenia febril sigue siendo una 

de las principales causas de sepsis, hospitalización y mortalidad en pacientes oncológicos tratados 

con quimioterapia. 

 

El actual estándar de atención para detectar neutropenia implica la extracción y análisis de 

muestras de sangre con equipo de laboratorio. Estos métodos requieren personal capacitado y 

visitas de pacientes a sus centros de atención médica, lo que limita inherentemente la frecuencia 

con la que se pueden realizar estas pruebas y evita la detección oportuna de neutropenia grave 

antes de que se produzca neutropenia febril y sus resultados negativos. Esta tesis propone un 

método no invasivo que emplea un prototipo óptico portátil para realizar el cribado de neutropenia 

en el punto de atención sin la necesidad de una muestra de sangre. El método propuesto registra 

videos de un minuto del flujo sanguíneo en los capilares de los pliegues ungueales y detecta los 

espacios de absorción óptica en la microcirculación como indicativos de la presión de los 

neutrófilos a través de los capilares. Utilizando videos de pacientes de quimioterapia que se 

someten a un autotrasplante de células madre, demostramos que el análisis de espacios de 

absorción óptica se puede utilizar para diferenciar con precisión a los pacientes iniciales (> 1.500 

neutrófilos por µL) de los que experimentan neutropenia grave (<500 neutrófilos por µL). Estos 

resultados sugieren que la integración de imágenes ópticas, electrónica de consumo y análisis de 

datos puede hacer que la detección de neutropenia no invasiva sea accesible para los pacientes en 

el punto de atención. 
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CHAPTER 1 

INTRODUCTION  

 

Capillaroscopy, a non-invasive imaging technique that allows to magnify and analyze the 

circulation of the microvessels present at the nailfold area, is routinely used in clinical practice to 

differentiate between primary and secondary Raynaud's phenomenon (Mannarino et al. 1994; 

Blockmans, Beyens, and Verhaeghe 1996; Nagy and Czirják 2004), diagnose scleroderma 

spectrum disorders (Maricq and Valter 2004; Grassi and De Angelis 2007), systemic sclerosis 

(Elhai et al. 2015), and also to detect diabetes hypertension (Shore 2000), peripheral arterial 

occlusive disease (Shore 2000) or Blackfoot (Yu et al. 1995). This technique has been commonly 

used in rheumatology to study the morphology, tortuosity and blood flow inside capillaries 

presented at the nailfold area that run parallel to the skin surface (Ko-Ming Lin, Tien-Tsai Cheng, 

and Chung-Jen Chen 2009) but also has been applied in other areas of the body such as eyes (Božić 

et al. 2010), tongue (Scardina and Messina 2009) or skin (Rosén et al. 1988). The nailfold is a 

unique anatomical region where, unlike in other regions of the human anatomy, capillaries run 

parallel to the surface (Piraccini 2014), and are very superficial relative to the skin surface, about 

50 to 300 µm deep (Pennarola et al. 2004; Hou et al. 2012; Sorrell and Caplan 2004; Curtis, Iacono, 

and Beiser 1999). This allows microscopes and specific devices such as capillaroscopes to image 

and capture videos of the area to observe capillaries (Murray et al. 2012; Mercer et al. 2010) and 

their blood flow without the necessity to use more invasive techniques. Additionally, these 

capillaries have an average diameter of 10 to 20 microns (Hofstee et al. 2012). At this width, white 

blood cells -which are also approximately 10 to 20 microns in size- have been shown to flow 

through capillaries in single file (Uji et al. 2012; Sinclair et al. 1989; Schmid-Schönbein, G. W., 

Usami et al. 1980; Golan et al. 2012).  

 

Taking advantage of these features and of the capillaroscopy technique, this PhD Thesis poses the 

hypothesis that the analysis of video sequences of the nailfold capillaries allows the detection of 

severe neutropenia and proposes a completely new approach to extract white blood cell 
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measurements non-invasively. This work will focus on measuring a proxy of Absolute Neutrophil 

Counts (ANC). Neutrophils are the most abundant white-blood-cell subtype, and the ANC can be 

an indicator of the immunological status that can help to detect and manage multiple medical 

conditions, including cancer (Crawford, Dale, and Lyman 2004), infection (van Wolfswinkel et al. 

2013; Honda et al. 2016), sepsis (Newman et al. 2014), autoimmune disorders (Velo-García, 

Castro, and Isenberg 2016) or the use of different immunosuppressant drugs (Dale 2014).  

 

In particular, cancer patients undergoing cytotoxic chemotherapy are at elevated risk of developing 

serious infections (Meza et al. 2002), a condition called febrile neutropenia, which happens when 

their white-blood-cell counts, and more particularly, their ANC, are reduced. Patients have a high 

risk of developing febrile neutropenia while they are severely neutropenic (ANC<500/µL), which 

is a common side effect of cytotoxic chemotherapies regimens. Currently, febrile neutropenia 

occurs in approximately one in six of all chemotherapy patients (Tai et al. 2017), and it is 

associated with a significant amount of morbidity and a high rate of mortality (Lyman, Gary H. 

2009), up to 11% of patients die after one or several hospitalizations (Kuderer et al. 2006; Lyman, 

G. H. et al. 2015). In the US alone, the associated cost due to such hospitalizations accounts for 

$2.7B dollars annually (Tai et al. 2017), contributing to up to 40% of the total cost of cancer 

treatments (Schuette et al. 1995). 

 

Biotechnology and health innovation are radically transforming the way medicine benefits society. 

Healthcare systems and insurance companies are increasingly adopting (Hermes et al. 2020; 

Vegesna et al. 2016) digital technologies and increasing remote monitoring and telemedicine 

services to personalize and optimize their patient treatments. This trend has accelerated in the 

context of the recent COVID-19 pandemic (Liu et al. 2020; Bransky et al. 2020). Taking advantage 

of this trend, multiple e-health applications have been recently adopted to solve a variety of 

different unmet medical needs (Wicks et al. 2014), including management of diabetes foot ulcers 

(Frykberg et al. 2017), early monitoring and detection of Parkinson’s disease (Giancardo et al. 

2016), non-invasive diagnosis of bacterial meningitis (Jimenez et al. 2016), endometriosis 

(Nisenblat et al. 2016), and deep venous thrombosis (Kearon et al. 1998), to name a few. The rise 

of deep learning and computer vision applications in medical scenarios, including electronic health 

records, imaging, -omics, sensor data and text (Miotto et al. 2018) are giving the opportunity to 
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help medical personnel to take better clinical decision such as optimizing drug doses. Also, remote 

patient monitoring, telemedicine and portable devices that can be used at home, such as the 

glucometer or the pulse-oximeter, are rising and becoming more commonly used to monitor 

different parameters in easier ways which also prevent unnecessary costs and further complications.  

 

The present document describes all the developments and related objectives accomplished during 

the realization of the present PhD Thesis and all the relevant concepts needed to understand the 

proposed first non-invasive technology that can automatically screen patients for severe 

neutropenia without requiring blood draws, thus enabling patients to have more frequent access to 

this type of test. In Chapter 2 we will describe the current standard of care to obtain absolute 

neutrophil counts in different scenarios, how other alternative methods can be applied and an 

overview of different technologies where deep learning or computer vision algorithms have been 

applied to achieve improved clinical results and help medical staff take better decisions. Chapter 

3 will detail a list of all the objectives proposed at this project. Chapter 4 & 5 will describe the 

studies performed, the collection of data, the workflow that will be used to accomplish the 

proposed objectives and their results. Chapter 6 will be a review and discussion of all the main 

results and limitations. Finally, Chapter 7 will describe the main conclusions and the possible 

future work for the present PhD Thesis.  
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CHAPTER 2 

STATE OF THE ART 

2.1 WHITE BLOOD CELL MEASUREMENT 

2.1.1 CURRENT STANDARD OF CARE TO OBTAIN WBC AND ANC MEASUREMENTS 

The current standard of care to obtain White Blood Cell (WBC) and Absolute Neutrophil Counts 

(ANC) measurements requires a blood sample, normally performed through a phlebotomy in a 

clinical laboratory of a hospital or in a clinical center. Once the blood sample is extracted, different 

tools have been used to determine white blood cell levels including cell counters and methods such 

as electro-chemical, electro-physical, electric resistance, or neural networks applied to microscopy 

images (Akramifard, Firouzmand, and Moghadam 2012) to increase accuracy and precision, and 

obtain faster results. 

 

Different types of cells can be found in the blood with different sizes and compositions. Platelets 

are the smallest ones with approximately 2-3µm in diameter and represent the 0.01% of the blood 

volume. Erythrocytes, also known as red blood cells, are the most common ones representing 

approximately the 41% of the blood volume with 7µm in diameter. White blood cells represent the 

4% of the blood volume and can be divided into two main groups. The first group, known as 

granulocytes, contains three different subtypes of cells: neutrophils with 12-14 µm in diameter, 

eosinophils with 12-17 µm in diameter, and basophiles with 12 µm in diameter. The second group, 

known as agranulocytes, contains two different subtypes of cells: lymphocytes with 6-9 µm in 

diameter and monocytes with more than 20µm in diameter. The rest of the blood is plasma mainly 

composed by water, proteins, glucose, lipids, and other substances and this represent the 55% of 

the blood volume. 

 

Manually counting these different cells has typically been done on a blood smear by scanning 

several regions of it with a microscope. Also by using hemocytometers (Fig.1), a counting chamber 
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with 9 squared areas can be used to split and count the number of cells in a specific volume of 

solution(Chung et al. 2015).  

 

 

Figure 1: Hemocytometer technique example. (A) Zoomed inset of a hemocytometer showing the Neubauer 

chamber with counting grid. (B) Stained colon carcinoma CT-26 cells using trypan blue dye where the arrows indicate 

dead cells [Hong et al., 2011]. 

Nevertheless, the gold standard technique currently used to obtain WBC and ANC measurements 

by the main commercial hematology analyzers (e.g., Sysmex, Beckman Coulter, Abbot, Siemens, 

Roche) is flow cytometry (Shapiro 2005). This technique consists in a system that senses cells or 

particles while they move in a liquid stream through a laser beam (Ormerod and Imrie 1990). 

While the cells pass through this laser, light is scattered in different directions and a series of 

sensors then detect the refracted or emitted light (Fig. 2). Normally, a detector is placed in front of 

the laser beam, and it can capture the forward scattered light from the cells – which is indicative 

of their size -, while several detectors are also placed to the sides to measure the amount and 

intensity of light scattered in each direction – which is indicative of their granularity -. These data 

are integrated and compiled to differentiate cells based on size and granularity.  
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Figure 2: Flow cytometry. (a) Laser beam illumination passing through each cell and scattering light in different 

directions. (b) Cells are differentiated based on the scattered illumination recorded by the different sensors (Shapiro 

et al. 2005). 

Other existing technologies in the market (e.g. HemoCue (Osei-Bimpong et al. 2009), Chempaq 

(Rao et al. 2008), Athelas (Dale et al. 2018)) can also measure white blood cell counts from finger-

prick blood samples (Shi et al. 2013), as shown in Fig. 3. However, these products, which are 

meant to be used at the physician’s office, face fundamental limitations because of (a) lack of 

repeatability between successive drops of blood (Bond and Richards-Kortum 2015), (b) elevated 

leukocyte counts with respect to the values obtained from a venipuncture (Daae et al. 1988; Yang 

et al. 2001), and (c) the caveat that patients are likely to commit errors during sample extraction 

(e.g. finger milking) and/or introduce interstitial fluid which could yield erroneous results, difficult 

to be detected by the internal controls of the device. With these limitations, finger-prick approaches 

are known to poorly represent systemic cell blood count when performed outside the clinical 

setting (Bond and Richards-Kortum 2015; Hollis et al. 2012). Theranos (Diamandis 2015), a 

private healthcare technology corporation, had claimed to have devised a blood test that only 

required very small amounts of blood, but it was later revealed that they did not have a working 

technology to do so (Waltz, et al. 2017).  
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Figure 3: Example of an alternative technology to extract WBC counts. (a) Finger-pricked blood is collected 

through capillary into a cuvette. (b) The cuvette is introduced in the HemoCue WBC Diff device that performs a 

differential white blood cell count (Bond and Richards-Kortum 2015). 

 

Because of these limitations, there are no self-administered devices for at-home monitoring of 

neutrophil levels in the market so far. Oncologists must thus work with infrequent and incomplete 

assays of neutropenia, and febrile neutropenia remains a costly and severe complication of 

chemotherapy. 

2.1.2 EXPERIMENTAL RESEARCH METHODS TO IMAGE WHITE BLOOD CELLS AND NEUTROPHILS 

IN VIVO  

Other approaches have been studied to image white blood cells and neutrophils without using a 

blood sample. These approaches use different microscopy and illumination techniques to image 

white blood cells in-vivo as they flow through the blood vessels. Conceptually, when capillary 

diameter approaches where the white blood cell diameter (10–20 µm), the latter completely fills 

the capillary lumen. This causes a red blood cell depletion downstream of the white blood cell in 

the microcirculation where white blood cells flow slower than the red blood cells (Schmid-

Schönbein, G. W., Usami et al. 1980). Therefore, if the illumination renders white blood cells 

transparent and red blood cells dark—as it occurs at specific wavelengths—the passage of a white 

blood cells will appear as an optical absorption gap in the continuous red blood cell stream that 

moves through the capillary. 
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For example, using white-light transillumination microscopy, Schmid-Schoenbein et al observed 

this “gap” phenomenon in a rabbit ear window model (Schmid-Schönbein, G. W., Usami et al. 

1980; Schmid-Schönbein, G. W. et al. 1980). They showed that red blood cells accumulate 

upstream of white blood cells with an a red blood cells-depleted area downstream (Schmid-

Schönbein, G. W., Usami et al. 1980) when the capillary and white blood cell diameters were 

comparable. Sinclair et al. observed the same phenomenon in rat-cremaster and bat-wing 

microcirculation, using blue-light transillumination microscopy to maximize contrast between red 

blood cells—peak absorption for oxy- and deoxyhemoglobin is 420-nm blue—and low-absorption 

regions lacking red blood cells (Sinclair et al. 1989),(Roggan et al. 1999). By observing the flow 

of a red blood cells over time, they first identified the capillary morphology, and then brighter 

regions associated with optical absorption gaps inside the capillary lumen. They also used 

fluorescent labeling to confirm that those gaps were associated with white blood cells. Although 

trans-illumination microscopy successfully demonstrated an ability to image white blood cells and 

neutrophils in vivo, it can only be applied on very thin tissues, which limits its use to experimental 

animal models. 

 

The idea that optical absorption gaps are related to white blood cells was investigated in humans 

by taking advantage of the blue entoptic phenomenon where white blood cells let blue light through 

as they flow in front of the retina, thus creating bright spots that the subject can see (Uji et al. 

2012). In other previous studies (Schmidt-Gross and U. E. B 1954; Rimmer, Kohner, and Goldman 

1988), subjects had their eyes illuminated with blue light and were asked how many bright spots 

they perceived. Group differences in amounts of perceived spots between baseline, leukopenia, 

and leukocytosis subjects—related to normal, abnormally low, and abnormally high ranges of 

white blood cell counts—were reported. A limitation of these methods, however, is their reliance 

on subject self-assessment, which is prone to individual biases and poor repeatability. This does 

not make them amenable for clinical screening. 

 

Another technique reported in prior art is spectrally encoded confocal microscopy. Golan et al. 

demonstrated the ability of this technique to optically image cell blood flow in vivo through  

anatomical sites that are distinct from the nailfold (i.e., capillaries in the lip mucosa) (Golan et al. 

2012),(Mm et al. 2017), Fig. 4. Golan et al. confirmed that in small capillaries whose diameter is 
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roughly that of a WBC, all passing WBCs could be easily viewed and counted. Most WBCs were 

viewed with a characteristic downstream RBC depleted region and an upstream accumulation of 

RBCs. However, these anatomical sites are impractical and potentially more sensitive to the 

patient's movements, making it difficult to achieve the imaging durations required for an absolute 

neutrophil count (ANC). Furthermore, spectrally encoded confocal microscopy is restricted to 

imaging only one capillary at a time, and Golan et al. failed to image more than 10 seconds of 

blood flow. Given that capillaries have an average diameter of ~20µm (Hofstee et al. 2012) and 

an average blood flow speed of ~2 mm/s (Shih et al. 2011), such an imaging technique would 

require at least 2-5 minutes of imaging a single capillary in order to visualize a statistically 

significant number of cells to render a measurement.  

 

 

Figure 4: In vivo imaging of WBCs (a) Imaging close to the wall of a post capillary venule allows forming a plot of 

the total intensity across the image as a function of time. Good correlation between the appearances of WBCs 

(magnified cell images below the plot) and intensity peaks was obtained. (b) Averaged flux of WBCs for different 

vessel diameters. (c) Diameter histogram of the imaged WBCs. (d) A single rolling WBC (outlined by a dashed blue 

line) near a vessel wall, characterized by an elongated shape which indicates its low relative velocity (approximately 

0.18 mm/s) in contrast to the nearby fast RBC flow (approximately 1.1 mm/s). (e) Two attached WBCs flowing in a 

capillary. (f) A single WBC flowing in a small capillary with a downstream plasma gap (RBC depleted region). Figure 

adapted from (Golan et al. 2012). 

 

Also, oblique back illumination microscopy to image white blood cells in-vivo has been used to 

obtain morphological images of unstained biological samples. This technique is based on a method 
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similar to the oblique illumination microscopy but the illumination and detection are created in the 

same side of the sample (Ford, Chu, and Mertz 2012; Ford and Mertz 2013). The sequential 

acquisition of two images alternating the illumination sources decouples absorption and phase 

gradient contrast. This technique has been subsequently applied to image microcirculation and 

human blood cells in vivo in areas such as the tongue’s skin (McKay et al. 2020). McKay et al. 

required the use of pneumatic objective cap designed with eight suction ports and a vacuum to 

stabilize the image of capillaries in the tongue. Two-photon microscopy has also been used in 

animal models to image white blood cells and showed that adhere to capillary walls in a mouse 

model (Hernández et al. 2019).  

Overall, the mentioned techniques suffer from substantial limitations due to their need to stabilize 

the image in sensitive parts of the body or in non-regular surfaces, what makes it impractical to 

record the same area for a sufficient period in a point-of-care setting.  Despite these limitations, 

these techniques provide the visual evidence that multiple types of features can be leveraged to 

determine which optical absorption gaps passing through a capillary are specifically associated 

with the presence of a neutrophil. These features (such size, speed, brightness, elongation, rolling 

movement along the capillary wall, etc.) could potentially be leveraged to obtain a highly accurate 

estimation of absolute neutrophils counts. 

2.2 CAPILLAROSCOPY IMAGING AND COMPUTER VISION TECHNIQUES 

2.2.1 Capillaroscopy 

Capillaroscopy has been considered one of the most useful methods to inspect capillaries in-vivo, 

giving the opportunity to evaluate and extract different physiological phenomenon related with the 

cardiovascular system, such blood flow, pressure, density and morphology (Wilhelmsson 2018; 

Lefford and Edwards 1986; Murray et al. 2012; Mercer et al. 2010). Video capillaroscopy imaging 

of the nailfold area, typically shows groups of microcapillaries as shown in Fig 5. For those 

capillaries where the microscope is set with appropriate focus, the passage of red blood cells can 

be observed passing through each of those vessels.  
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Additionally, to the passage of red blood cells, several optical absorption gaps can be observed, 

normally filling all the section of the capillaries but also rolling near to the borders if the vessels 

have wider diameters sections. The capillary diameter is typically distinct in the arterial side 

(around 12±2 µm) than in the venous side (around 15±2µm). Therefore, the appearance of these 

optical absorption gaps, when present, may also relate to the specific cell type (Bourquard et al. 

2018).    

 

 

Figure 5: Examples of a nailfold capillary network using different capillaroscopy techniques. (a) Black and white 

capillaroscopy image where darker components correspond to nailfold capillaries. (b) RGB capillaroscopy image 

where capillaries show higher red components than the skin 

 

Each person has a unique capillary network and there are several factors that can influence image 

acquisition to obtain a successful and useful capillaroscopy video. Those factors can be 

physiological, such the skin tone (Andrade et al. 1990), the skin thickness at the nailfold area, the 

size of the finger and the finger used (Houtman et al. 1986; Dinsdale et al. 2019) to perform the 

acquisition. For example, Cutolo et al. showed that the ring finger in the non-dominant hand 

contained the higher density of capillaries per mm2 statistically (Cutolo et al. 2016). But there are 

also other external factors that influence capillaroscopy quality such the hands temperature, the 

pressure (Shore 2000) applied to acquire the images, the type of oil (Etehad Tavakol et al. 2015) 

used (Chen, Kun, Liang, and Zhang 2013), such as walnut oil, cedar wood oil, olive oil, or peanut 

oil to avoid light reflections from the skin.  

a b 
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Other observations that might also affect are how the fingers are aligned with the capillaroscope, 

how is the status of the skin, if is pushed or relaxed and wounds or inflammation can change how 

blood flow can be perceived inside of the capillaries. Additionally, different wavelength and light 

intensities and angles used to illuminate the area of the finger when acquiring might affect how 

visible the capillaries are.   

 

The morphological aspects of these capillaries can be mostly inspected by using a standard 

stereomicroscope (Fig.6). In cases of evaluation of dynamics aspects inside the vessels (e.g., blood 

flow) or deeper studies of the nailfold area, more complex techniques such fluorescence 

videomicroscopy are usually applied (Cutolo, Grassi, and Matucci Cerinic 2003). The optical 

visualization of the nailfold capillaries is normally performed by devices that are categorized 

depending on the size of the lens and the magnification provided. The widefield microscope, the 

dermatoscope or the videocapillaroscope are example of devices typically used for these purposes 

where lens goes from low magnifications (x20) to high magnifications (x600) providing different 

fields of view.  

 

Figure 6: Different capillaroscopy technologies. (a) Videocapillaroscope example for a deeper analysis of nailfold 

capillaries (b) Standard stereomicroscope example for quick exploration of nailfold capillaries. 

 

For diagnosis of Raynaud’s disease for example, capillaroscopy acquisitions are typically 

performed by a rheumatologist, who normally acquires multiple images of the nailfold in every 

a b a b 
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finger apart from the thumb and for both hands. To avoid reflection with the light from the skin 

and increasing penetration of the light, absorption oil is usually applied in every nailfold. Ideally, 

before starting the patient is recommend resting between 15-20 min to stabilize their hands 

temperature and avoid circulation problems. Then, after acquiring all the images, the 

rheumatologist manually selects the capillaries clicking on them in a screen to explore them 

visually and manually observe and infer all the features of interest. This process can be tedious 

and highly time-consuming requiring lots of attention and resulting easily into inaccurate diagnosis. 

For that reason, multiple techniques have been proposed in literature to help enhance images of 

nailfold capillaries and automate the extraction of several features to reduce cost and time of this 

type of analysis. These techniques, although initially proposed to enhance Raynaud’s disease 

diagnosis, are also relevant to our application for noninvasive white cell measurements. 

2.2.2 IMAGE ENHANCEMENT  

There are several factors in nailfold capillaroscopy images that can make it hard to extract 

information from them, such as image noise, dust on lenses or air bubbles in the immersion oil 

(Anders, Sigl, and Schattenkirchner 2001). Typically, capillaroscopy images have low contrast 

between capillaries and the background, creating noisy images that make it difficult to visualize 

and extract information, especially in areas with poor light. Different techniques to enhance quality 

of the images can be applied to reduce noise, increase the contrast between capillary edges and the 

background and remove too dark or too bright parts of the image. Most of these techniques are 

based on image filtering, usually applied to reduce image noise and help, for example, to better 

visualize capillaries, improve the extraction of contours or borders, automatically localize 

capillaries, and calculate their features, like diameters or shapes. Anisotropic diffusion, bilateral 

filtering, non-local means filtering, and bilateral enhancer are examples of filters that provide good 

results to reduce noise, avoiding to lose critical information of the image and preserving better the 

edges versus other simpler and typical filters such as gaussian filters or wavelet filters (Doshi, 

Niraj P., Schaefer, and Merla January 2012)  

 

Several of the proposed approaches combine different channels to enhance capillaries present in 

the images and enable or improve the identification of different capillary features. For instance, 

specific channels in RGB such the green or also combinations like green and blue contain useful 
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information which cannot be perceived visually from the full RGB images (Patašius et al. 2009). 

For instance, the saturation channel in the HSV (Goffredo et al. 2012) space increases the contrast 

between capillaries and background, and the luma channel (Y’) in the YUV (Goffredo et al. 2012) 

color space increases the illumination in certain areas with poor light.  

 

Histogram equalization (Pizer et al. 1987) is also a commonly used technique applied to this kind 

of images either locally or globally for the purpose of compensating non-uniform differences in 

illumination. Even though noise may be enhanced as well, this technique helps to visually inspect 

areas where the lighting is poor, and where the dynamic range is not wide enough to differentiate 

between structures and features. In cases of high peaks of intensity values such as reflections or 

saturated areas, local histogram equalization achieves better results eliminating those peaks 

(Karbalaie et al. 2018).  

2.2.3 REGISTRATION 

Micro-motion of the finger being imaged and involuntary movements during acquisitions are other 

typical problems in capillaroscopy that can affect the evaluation of the microvessels and the 

subsequent analysis of a video sequence of the nailfold area. The magnification to evaluate single 

capillaries is quite high, leading to small fields of view where small movements can highly impact 

the video sequence. In order to estimate capillary blood velocities with automated methods (Cutolo, 

Grassi, and Matucci Cerinic 2003; Huang et al. 2010; Wu, Chih-Chieh et al. 2011; Ye et al. 2020; 

Lee, Jonghwan et al. 2013), video registration methods must be applied to compensate all the 

micro-movements produced during the acquisition and stabilize the capillaries at the same position 

in every frame, avoiding the use of mechanical solutions such as cuffs or brackets around the finger 

that can restrict the blood flow or affect patient comfort.  

 

For that reason, different motion compensation techniques, also known as registration methods, 

have been applied in capillaroscopy image sequences. A subset of these methods calculates an 

affine matrix which, for every frame, describes the spatial displacement that must be applied to 

align it with respect to a reference image, typically the first frame but also the previous frame or a 

mean of all frames of the video sequence can be considered. In video capillaroscopy, most of the 

transformations that need to be applied are linear, making a rigid registration enough to corrects 
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mostly the translations and rotations, or an affine registration, which also corrects for shears and 

independent scaling. However, other phenomenon such as the pulsatile vessel movement or other 

mechanical movements of the finger can create nonlinear transformations that would require non-

rigid methods. Registration methods can calculate the appropriate transformation to apply based 

on intensity criteria such as image mutual information (Klein et al. 2010) or based on  feature 

detection and matching on different images such as the FAST (Features from Accelerated Segment 

Test), SIFT (Scale-Invariant Feature Transform) or SURF (Speeded-Up Robust Features) 

algorithms (Lei et al. 2016/08/29; Tareen and Saleem March 2018). Also, deep learning 

approaches have lately been applied to detect areas of a video sequence and register them along 

the time, especially for non-rigid registration (de Vos et al. 2019; Viergever et al. 2016; Maintz 

and Viergever 1998). 

 

Capillaroscopy video datasets typically contain many more than two images, acquired at different 

time points. When more than two images must be registered, a pairwise registration scheme may 

not always be the best solution. Firstly, the choice of reference image to which the remaining 

images are registered can be arbitrary but may also influence the registration results. Secondly, 

pairwise registration does not allow the registration of all images in a single optimization 

procedure, which prevents considering all image information simultaneously. In this context, 

groupwise image registration methods (Guyader, JM., Huizinga, W., Poot, D.H.J. 2018; Zollei 

2006) have recently been proposed as an alternative to the standard pairwise intensity-based image 

registration.  

2.2.4 OBJECT DETECTION 

In order to automatically localize and annotate the presence of nailfold capillaries, machine 

learning and neural networks have been trained to learn automatically the patterns representative 

of these capillaries and generalize them to be able to detect them in new images (Sainthillier et al. 

2005). Neural networks are trained with patches of the image, normally extracted by sliding 

window techniques (Wojek et al. 2008) across the image but also dividing the image in different 

subsections and localizing them by automated methods. 



Chapter 2. STATE OF THE ART 

16 
 

Sliding windows detectors have been applied to identify standard object such as persons, animals, 

cars, etc. The sliding window is applied over different parts of a given image so that the feature 

map of a trained network can identify target objects, but the main problem with these approaches 

is that the windows do not take into consideration that the shape and the size of the target objects 

can vary across the images. Alternatively, region-based object detectors such Faster R-CNN 

(Regions with Convolutional Neural Networks (Ren et al. 2015)) or R-FCN (Region-based Fully 

Convolutional Networks (Li et al. 2018/04/27)) can be used to avoid this issue, where a second 

step is applied based on region proposal networks to create boundary boxes used to detect objects 

using the window as an initial guess. These methods are accurate, but they are quite heavy 

computationally due to the calculation of a sliding window followed by the prediction of the 

different boundary boxes.  

 

In single shot object detectors such SSD (Single Shot Detector) (Cao et al. 2018) or YOLO (You 

Only Look Once) (Redmon et al. 2016) the sliding window is not used. Instead, the main image is 

divided by a grid points distributed equally across the image. For each point, multiple pre-defined 

boxes or anchors are created around them to find objects inside of them, meaning that the boundary 

box and the class can be predicted at the same time. Additionally, this type of convolutional 

networks combines predictions from multiple feature maps at different resolutions to detect objects 

of different sizes. 

 

Pyramid of multi-scale feature maps such FPN (Feature Pyramid Network) (Lin et al. 2017) have 

also been used as an alternative to single shot detectors used for detecting object that highly vary 

their size using a pyramid image (same image re-created at different spatial resolution). These 

methods increase accuracy for the detection of small objects, and they can be based on Top-down 

pathway that start to apply the feature detection form the top of the pyramid and based on Bottom-

up Pathway that start to apply the feature detection in the bottom of the pyramid. However, 

processing multiple scale images is time consuming and the memory demand is higher. 

 

In capillaroscopy images, some of these methods have been applied in order to extract different 

objects, followed by classifiers such as support vector machines (Doumpos, Zopounidis, and 

Golfinopoulou 2007) or neuronal networks (Lippmann 1989) that can classify each image patch 
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based on different physiological characteristics of the finger (Doshi, N. P., Schaefer, and Merla 

January 2012). 

2.2.5 PARTICLE TRACKING 

Other important aspect to have accurate diagnosis of different diseases such as scleroderma or 

diabetes is the estimation of microcirculation inside the microvessels (Margaryants et al. 2019). 

Quantification of the blood flow speed is key to plan and monitor the treatment for these patients 

and better evaluate how the patient evolves trough the time.  

 

For the tracking of different type of cells in microscopy, most of the techniques are based on 

particle tracking techniques such as optical flow (Demir 2010), cross correlation (Shore 2000),  

phase correlation (Karimov and Volkov 2015/06/21), feature-based (Karimov and Volkov 

2015/06/21), etc. These techniques have in some cases been combined to provide more accurate 

results (Tresadern et al. July 2013). Some object detectors based on deep learning can also be 

considered as a particle tracker if they are combined with a method that associate each detection 

trough the time (Heo et al. 2017; Druzhkov and Kustikova 2016; Han et al. 2018). This kind of 

methods such as YOLO (You Only Look Once) followed by SORT (Simple Online and Realtime 

Tracking) (Zhang et al. 2019/08/14) use the detection from previous frames to associate similar 

objects with their correspondence tracked IDs. For extraction of blood flow velocity in capillaries, 

previous literature mainly relies on the observation of red blood cells along capillaries, in order to 

estimate their speed and how it varies over time ,(Butti et al. 1975). In particular, many previous 

methods used the displacement of optical absorption gaps in between the red blood cell flow as a 

proxy to estimate the speed of red blood cells along capillaries based on intensity (Karimov and 

Volkov 2015;Margaryants et al. 2019) across different wavelengths, and have also been used to 

estimate red blood cell speed in capillaroscopy without detecting the particle itself, just using the 

image difference subtraction produced when an absorption gap is passing through the capillaries. 

 

Alternative deep learning methods can also be applied for object tracking. For example, 

autoencoder neural networks have successfully been used to perform content-based image retrieval: 

based on a dataset of training labelled images this method can determine a metric of distance 

between a fresh image and the training set and determine whether the new image is deemed to 

https://arxiv.org/pdf/1602.00763.pdf
https://arxiv.org/pdf/1602.00763.pdf
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belong to the same group (Çamlica, Tizhoosh, and Khalvati November 2015; Öztürk 2020). This 

idea has been recently expanded to be trained with 2D+time objects and used for object tracking 

(Luo, Yang, and Urtasun 2018; Ho, Keuper, and Keuper 2020; Hua et al. 2017; Beşbınar and 

Alatan May 2016; Hsu, Brady, and Psaltis 1988). 
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Chapter 3 

OBJECTIVES 

 

As we have introduced in previous chapters, the ability to visualize the blood flow in nailfold 

capillaries using video capillaroscopy could provide a suitable approach to measure white blood 

cells in a non-invasive way, which would provide increased and faster access to this measurement 

from the patient’s home and other locations where the current standard of care is not possible 

nowadays. This would also allow to monitor severe neutropenia of a patient so that life-threatening 

infections such as febrile neutropenia could be avoided by intervening as soon as a severe 

neutropenia occurs. The a-priori hypothesis this PhD Thesis follows is that the analysis of video 

sequences of the nailfold capillaries could yield a measurement of severe neutropenia. 

 

This PhD Thesis will deepen in this field to develop and validate this a-priori hypothesis and 

describe the different experiments and processes that need to be involved in it. Therefore, the main 

objective is the development and evaluation of image processing methodologies to detect 

severe neutropenia from nailfold capillaroscopy videos in cancer patients treated with 

chemotherapy.  

 

The work of this PhD Thesis can be divided into two main sub-objectives.  

• To develop and validate a proof-of-concept methodology to demonstrate that severe 

neutropenia can be detected noninvasively using information extracted from nailfold 

capillaroscopy videos.   

• To develop and validate an image analysis pipeline that fully automates the extraction of 

such information from nailfold capillaroscopy videos to detect severe neutropenia 

noninvasively. 
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3.1 VALIDATION OF THE PROPOSED METHOD 

The first subobjective will be undertaken by performing a pilot study in a small cohort of patients 

to demonstrate that the information manually extracted by human raters from videos of nailfold 

capillaries is enough to differentiate between patients where absolute neutrophil count values are 

extremely low (ANC<500/µL) -which puts them at high risk of a life-threatening infection- and 

those with ANC>1,500/µL -where that risk dissipates-. This study is divided in different steps:  

1. Recruit a pilot sample of patients undergoing high-dose chemotherapy at two different 

points of their ANC evolution: baseline (ANC>1,500) and severe neutropenia (ANC<500). 

Autologous Stem Cell Transplant patients were chosen. 

2. For each patient, perform at least two imaging sessions -one at baseline, one at severe 

neutropenia paired at the same imaging area - using a portable and custom-made optical 

prototype (Fig. 8) that acquires videos showing the microcirculation in nailfold capillaries 

with high magnification (1 µm/pixel). 

3. Create a software tool to enable different human raters to visually inspect the videos to 

extract different features and information from a given video. 

4. Perform a blinded visual inspection of each imaging sessions and classify them at severe 

neutropenia stage (ANC<500) or at baseline stage (ANC>1,500) based on the manual 

information extracted from them. 

5. Compare the classification performed by this visual inspection against the blood test gold 

standard reference. 

 

3.2 AUTOMATIZATION OF THE PROPOSED METHOD 

To undertake the second subobjective an image analysis pipeline is developed to fully automate 

the extraction of the human-rater-based information from nailfold capillaroscopy videos that can 

be used to detect severe neutropenia. The classification performance of this automated image 

analysis pipeline is evaluated on a subsequent clinical study with a larger cohort of patients. This 

study has been also divided in different steps: 
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1. Recruit a larger sample of patients and collect a larger number of imaging sessions at 

different ANC levels, each of them associated with a reference blood draw without the 

requirement of paring areas between stages of the same patient. 

2. Design a fully automated image analysis pipeline that can process a given imaging session 

without the requirement of a manual capillary selection and without a manual plasma gaps 

identification by human raters. 

3. Generate a patient classification of severe neutropenia (ANC<500 vs. ANC>500) based on 

the results of the automated pipeline and validate its performance against the blood test 

gold standard reference. This performance is now assessed on a dataset which does not 

only include extremely low (ANC<500) or baseline (ANC>1,500) neutrophil 

concentrations but also intermediate values (500>ANC>1,500) which are closer to the 

classification threshold and offer a more realistic representation of patients’ neutrophil 

counts in a real-world scenario. 
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Chapter 4 

METHODS & RESULTS TO NONINVASIVELY DETECT LOW 

WHITE BLOOD CELL LEVELS FROM CAPILLAROSCOPY 

VIDEOS 

4.1 STUDY DESSIGN  

In this chapter, we conducted a pilot diagnostic validation study to test the a-priori hypothesis that 

our approach allows the classification of severe neutropenia (<500 neutrophils/μL) versus baseline 

stage (>1,500 neutrophils/μL) in patients. We enrolled a cohort of patients undergoing high-dose 

chemotherapy followed by Autologous Stem Cell Transplantation ASCT. The kinetics of 

neutrophil values in these patients was predictable because the intensity of the chemotherapy 

applied prior to transplantation ensures the passage through a severe-neutropenia stage (Fig. 7). 

 

 

Figure 7 : Patient acquisition time points. The patients enrolled in our study are undergoing an ASCT, process that 

results in a predictable evolution of their neutrophil counts due to the controlled administration of chemotherapy. This 

provides an opportunity to record capillary videos at two different time points for each patient: (1) baseline (>1,500 

neutrophils/μL) and (2) severe neutropenia (<500 neutrophils/μL).   
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In this proof-of-concept study, no power analysis was carried out and a convenience sample of 22 

measurements from 11 subjects (See in this chapter “4.3 Acquisition data”), as selected from our 

initial patient pool was considered enough to test the study hypothesis. Non-parametric tests were 

used as well as receiver-operating-characteristic curve analyses.  

 

All human raters who analyzed the data were blinded (see in this chapter “4.4 Capillary selection” 

and “4.6 Event rating”). In total, 26 patients were recruited, with 17 and 9 patients from the 

Massachusetts General Hospital (MGH), Boston, MA, USA, and Hospital Universitario La Paz 

(HULP), Madrid, Spain, respectively. One patient did not complete the study, 6 did not comply 

with the study image quality criteria and 8 were excluded because their baseline and severe 

neutropenia acquisitions did not contain the same set of capillaries, which was required to avoid 

confounding factors. Each recruited patient signed an informed consent. All the information 

obtained was anonymized and so participants were not identifiable. 

 

The patient inclusion criteria used for recruitment were the following:  

a) Patients must have a scheduled ASCT of hematopoietic progenitors.  

b) Patients must be 18 years or older.  

c) Patients must have the ability to understand and the willingness to sign a written consent 

document. 

d) At baseline stage, patients must have a leukocyte count equal to or greater than 3,000 

cells/μL and a neutrophil count equal to or greater than 1,500 cells/μL. 

 

Patients were excluded if the suffer from myelodysplasia or from a history of allergic reactions to 

components of chemical compositions similar to the oil used for optical coupling in our clinical 

device, or if their skin phototype was larger than four on the Fitzpatrick scale (Andrade et al. 1990). 

 

The MGH clinical study was approved by the Dana-Farber/Harvard Cancer Center institutional 

review board, and by the MIT Committee on the Use of Humans as Experimental Subjects as 

Protocol #1610717680. This study was also registered and posted at clinicaltrials.gov 

(NCT02512666) starting from July 31, 2015. The HULP clinical study was approved by the HULP 
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Ethics Committee in the document HULP PI-2353. The analysis of anonymized data from these 

pilot studies was also approved by the Ethics Committee of Universidad Politécnica de Madrid 

and Massachusetts Institute of Technology. All experiments were performed in accordance with 

relevant guidelines and regulations. Written informed consent was obtained from all participants 

and all HIPAA identifiers were anonymized. 

4.2 EQUIPMENT AND SETTINGS  

For every patient, one-minute capillary videos at 60 frames per second (FPS) were acquired using 

our optical prototype (Bourquard et al. 2018) (Fig. 8). 

 

 

Figure 8: Clinical prototype. (a) 3D model of the custom-made portable prototype employed to record microscopy 

videos of the microcirculation in nailfold capillaries of patients, with its different components. (b) Patients place their 

ring finger in a 3D-printed holder, which plays a dual role: achieving stability throughout the one-minute recording 

duration and holding the oil employed for optical coupling. (c) The finger is placed so that illumination and imaging 

is directed at the nailfold area (dashed purple line). 

  

The bit depth was 10 bits per pixel in monochrome, the displayed brightness covering the full 

range of the data. This prototype uses the following components: 

 

1. Imaging objective. Edmund Optics TECHSPEC 5X. Its features are a 5X magnification 

and a maximum numerical aperture of 0.15, reduced through a 3D-printed iris of 2.5 mm 

diameter to maximize depth of focus, a working distance of 16.2 mm, and a maximum 

FOV size of 1.8 x 1.32 mm. Its fixed-tube and total lengths are 50 mm and 93.81 mm, 

respectively. Its height, azimuth, and focal position are manually adjustable.  
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2. CMOS camera. Thorlabs DCC3240N. This camera is mounted to the objective and 

computer-powered through a USB connection. It comprises a global/rolling shutter. Its 

Field of View (FOV) is 1280 x 1024 pixels, or 1360 x 1088 µm at 5X-magnification, 

corresponding to a pixel size of 1.0625 x 1.0625 µm. Its frame rate is 60 FPS in full frame, 

which ensures sufficient temporal resolution to detect and track events given the 100-

1,000-μm/s range of blood flow speeds in nailfold capillaries (Mugii et al. 2009; Shih et al. 

2011). It can reach 229 FPS for FOVs restricted to 320 x 240 pixels. Its bit depth is 10 bits 

per pixel monochrome.  

 

3. Illuminators. Two high-power Luxeon LEDs emit deep-blue light at 420 nm to maximize 

contrast between RBCs—appearing dark in our videos—and optical-absorption gaps. Each 

LED emits 161 Lumens at 700 mA using an aspheric collection lens with focal length of 

20.1 mm, numerical aperture of 0.6, and an adjustable Thorlabs VA100C collimation slit. 

Rapid-prototyped LED holders are cage-mounted with heat sinks at ~70-degree inclination 

from the detection axis.  

 

4. Power driver. Drives both LED illuminators continuously at constant DC power level.  

 

5. Disposable hand rest. Rigidly mounted 3D-printed platform used to hold the finger in a 

stable position for at least one-minute imaging. This platform comprises a one-size-fits-all 

finger well, with sets of additional padding inserts for smaller fingers. Optical-coupling oil 

(Johnson & Johnson, refractive index of 1.51) remains in the finger well.  

 

6. Laptop and software. A laptop connected to the CMOS camera is used for power and 

video acquisition. The output data collected for every patient consists of a consecutive set 

of uncompressed videos with time stamps that provide information on the exact acquisition 

times associated with each frame. 

 

Acquisitions were done at room temperature with optical-coupling oil in the finger well, using the 

Labview software (National Instruments, USA). Two units of this prototype were mounted and 

employed at MGH and HULP, respectively. Following every use on a patient, disinfectant wipes 
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were employed on the device components. The use of this device was approved for clinical 

research by the Dana-Farber/Harvard Cancer Center protocol #15-070. 

4.3 DATA COLLECTION  

Most of the systems that acquire capillaroscopy images of the nailfold area require a microscopy 

camera, oil in the nailfold region and an external illumination source (Fig 9a). The immersion oil 

is used to match the tissue refractive index and enhance light penetration while avoiding specular 

reflection from the epidermis into the camera (Fig 9a). For every patient, we used our optical 

prototype (Fig. 8) to acquire one minute video at baseline and one video during severe neutropenia. 

The images acquired by our optical prototype correspond with 2D images of the upper 

arteriovenous plexus layer of the nailfold (Figure 9b), where the more superficial capillaries run 

parallel to the skin surface and can be imaged with a conventional camera magnified at microscopy 

level.  

                      

Figure 9. Acquisition process. (a) Finger is introduced at the immersion oil to avoid reflection from the epidermis to 

the camera and enhance light penetration into the tissue. (b) Representation of the different skin layers (Moço et al, 

2018). At the nailfold, the most superficial capillaries on the upper arteriovenous plexus run parallel to the surface and 

can be imaged using capillaroscopes.  
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Patients were asked to introduce the required finger in the “finger well” (Fig 10a) filled with 

immersion oil and rest the hand in the 3D-printed holder to avoiding movements during the one-

minute video acquisition. (Fig 10b). The camera used covers an area of 1360 x 1088 µm and is 

just able to visualize a small portion of the nailfold area (Fig 10c), requiring manual operation to 

search, centralize, select the best focus, and acquire the videos of the target area; which is typically 

located near the border between the nail and nailfold (Fig. 10c) where capillaries are normally 

more superficial and run more parallel to the skin surface. 

 

 

 

Figure 10. Nailfold capillary video acquisition. (a) Diagram of our optical system prototype setup at the top view 

and a side cross-section view employed to acquire microscopy videos of nailfold capillaries area. (b) Example of hand 

resting at a 3D-printed holder with a finger inserted. (c) Right: Conceptual images of a finger with a red bounding box 

corresponding with an example of the area covered by our microscopy camera (1360 x 1088 µm).  Left: An example 

of image acquired by our prototype. 

 

a 

 

b 

c 
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Out of the 26 recruited patients, one dataset was left incomplete because one participant at HULP 

did not complete the study. For the remaining 25 patients, 6 video datasets were excluded due to 

insufficient imaging or capillary quality (see 4.4 “Capillary selection”), mainly due to bad focus 

or heavy movements during the acquisition that avoid analyzing the same region during a minute. 

We only analyzed video datasets containing the same sets of capillaries at baseline and during 

severe neutropenia, thus excluding 8 additional patients that contained unpaired capillaries. 

 

Tracking the same capillaries aimed at avoiding bias in the capillary selection, and at minimizing 

potential confounding factors, e.g., discrepancies in capillary volume, thus ensuring that changes 

in event counts best reflect the underlying changes in WBC values between both time points. Note 

that, while suitable results may be obtained from unpaired capillaries; conversely, the idea of 

tracking the same capillaries could be further exploited to devise calibration strategies in the future. 

To follow the same capillaries in each patient, the optical-prototype user had to locate same 

capillary areas at both time points. This process was performed manually during visual inspection 

of live data acquisition based on distinct characteristic such capillary distributions, morphologies, 

or annotated coordinates of the previous position to identify previously acquired regions. We asked 

our operators to simplify this problem by restricting their search to the areas immediately adjacent 

to the nail boundary, not only because capillaries are typically more superficial and parallel to the 

surface on that area but also because it makes it easier to identify pairing capillaries at different 

imaging sessions being restricted to a smaller FOV. 

 

Our study protocol required videos to be acquired within eight hours of a blood test providing 

reference information.  This time window was chosen to maximize the chances that the ground-

truth blood-draw measurements would still be valid by the time our data acquisition happened. 

Accordingly, total-leukocyte, absolute-neutrophil, and lymphocyte concentrations from state-of-

the-art blood-cell analytics were obtained for every patient and time point (Table. 1).  
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μ  μ  μ  

      

01 5500 100 4060 10 500 120 

02 2000 300 1280 10 420 10 

03 5860 210 5660 0 100 110 

04 4290 40 2830 20 970 10 

05 2640 20 2480 10 130 0 

06 2390 100 1840 30 350 0 

07 7430 90 7100 0 141 34 

08 6370 50 6040 0 150 20 

09 3180 40 2770 10 160 20 

10 5350 120 3700 0 979 67 

11 7760 10 7260 0 357 9 

Table 1: Reference values obtained from hospital clinical laboratory. Measurements were carried out using state-

of-the-art blood-cell analytics, and the values provided in rounded form. Our study protocol required video data to be 

acquired within eight hours of the corresponding blood draw. 

 

These reference values reveal the sharp decrease in neutrophil concentration between baseline and 

severe neutropenia. In addition, the reference total-leukocyte values of Table. 1 imply that all WBC 

subtypes are scarce during severe neutropenia, even though the decrease in lymphocyte 

concentration was less pronounced than for neutrophils. 

 

Each imaging session corresponds with one-minute video, divided by Labview software 3 

consecutive raw video chunks to avoid storage issues during acquisition due to the large size of 

the data. For each video clip generated by our device, a visual inspection was performed by a 

human rater to potentially identify one-minute of consecutive data that could accomplish a 

predefined quality Criteria1 (see “4.4 Capillary Selection”) for at least one capillary. After 

identifying the best possible consecutive video minute and concatenating all the frames, the 

resulting one-minute video file was subsequently flattened using the ImageJ software (National 

Institutes of Health, USA), to visually enhance each image. Different sizes of fingers produce 

sometimes the effect of non-uniform illumination images, creating dark areas that can make 

visualization difficult for the human eye in some capillaries. Image normalization by a Gaussian 
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filter was used to smooth the local brightness and compensate for the effects of non-uniform 

illumination. 

 

For each of the 11 included patients whose imaging sessions contains video minutes that fulfill the 

quality Criteria1 and the acquisitions at both clinical states where corresponding with the same 

capillary area, at least one pair of videos was deemed suitable for further processing. Two distinct 

capillary regions were used for both Patients 01 and 02 to analyze more capillaries and see the 

possible impact of using different areas of the same patients. 

4.4 CAPILLARY SELECTION  

Given the flattened one-minute videos for each patient, two independent experts selected the 

capillaries suitable for further analysis based on the following empirical a-priori criteria Criteria1: 

(A) Illumination. Capillaries must be visible with enough contrast to an observer; (B) Focus. 

Detailed capillary structures/dynamics must be visible and not blurred out; (C) Flow. Blood flow 

must exist to allow for potential events to be identified and counted; (D) Stability. Capillaries must 

fully remain within the video FOV in all frames; (E) Visibility. No object (e.g., air bubbles) can 

occlude capillaries. (F) Morphology. Capillaries must exhibit clear arterial and venous limbs; (G) 

Criteria1 (A)-(F) must hold in both baseline and severe-neutropenia acquisitions, the goal being to 

gather paired capillary videos for every patient. 

 

Each expert first evaluated the baseline videos according to Criteria1 (A)-(F) as shown in Fig 11. 

The sets of candidate capillaries acquired during severe neutropenia were then pre-constrained by 

the choices already made at baseline. To minimize bias, only those capillaries selected by both 

raters were included in the study. The resulting capillary-video pairs—at least one per patient—

were thus the ones complying with Criteria1 (A)-(G) according to both experts.  
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Figure 11: Capillary selection from both experts in raw-video pair from patient 03. The videos acquired in 

baseline and severe-neutropenic states are displayed. The green boxes outline the selected capillary pairs which, 

according to each of the two experts complied with the quality criteria for both baseline and severe-neutropenia 

acquisitions. The red regions/capillaries are discarded due to non-compliance with the quality criteria, i.e., due in this 

instance to (B) lack of focus, (C) lack of blood flow, and (D) out-of-FOV movements. The red lines/corners in the 

baseline videos outline the effective FOV outside which capillaries must be discarded as they disappear during several 

frames due to camera movements during acquisition. The yellow boxes outline capillaries that were initially selected 

in baseline but were discarded later due to non-compliance in the severe-neutropenia acquisition (G). Both experts 

made the selection process independently and, after that, only capillaries where both experts agreed were kept (black 

numbers), discarding the rest of them (red numbers). 

 

In total, 53 capillaries were selected, followed, and analyzed. Each capillary was labeled with the 

same ID, both at baseline and severe neutropenia acquisitions, and then relabeled randomly to 

provide further blinding to the human raters performing the data analysis (see 4.6 “Event Rating”)  
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4.5 CREATION OF CAPILLARY VIDEOS  

Based on the raw videos, individual capillary videos were created for all selected capillaries 

through (a) the definition, on the first video frame, of a rectangular region of interest (ROI) 

enclosing every selected capillary, using a graphical user interface (GUI), and (b) the use of motion 

compensation, which locally corrects finger movements and ensures that the position of every 

capillary remains stable within the corresponding ROI during the whole sequence. Motion 

compensation was carried out automatically based on a specifically tailored algorithm, both motion 

compensation and GUI implementations being done in MATLAB. Based on one raw video and one 

rectangular ROI, we devised an algorithm to produce a motion-corrected capillary video—

restricted to the user-specified ROI— using rigid registration; more specifically, it aligns all video 

frames with the first one, assuming that camera movements in the ROI are mere X or Y translations, 

excluding rotations. While frame movements in the raw video can involve long-range 

deformations, visual inspection of the registration results proved successful when applied to every 

capillary ROI separately. As a similarity metric and optimization criterion, our algorithm uses 

mutual information metric, which is a measure based on information theory that copes with slight 

contrast changes and guarantees accurate sub-pixel alignment (Mattes 2001). Since both images 

to be registered are similar, given that they are consecutive frames, there is not a lot of local 

intensity changes, which was one of the main limitations for the registration methods we could 

use. Prior to this refined registration process, a coarse frame-pre-alignment step was performed to 

ensure a suitable initialization, based on mutual information metric analysis of pixel values and 

spatial gradients. 

4.6 EVENT RATING  

Three independent human raters identified all events in the capillary videos, following specific 

visual criteria. These criteria stem from existing literature that describes the consequence of the 

passage of a WBC through a capillary of similar diameter as the creation of a region depleted of 

RBCs (Golan et al. 2012; Schmid-Schönbein, G. W., Usami et al. 1980; Uji et al. 2012) 

Specifically, moving optical-absorption gaps referred to as events: 
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• Are noticeably brighter than the surrounding capillary flow. 

• Can be identified as clear objects moving along the capillary flow. 

• Occupy the whole capillary diameter and extend along the flow direction. 

 

Raters were blinded with respect to the others and to the blood-analytics, physiological state, 

patient, and temporal information. This experimental protocol ensured that image analysis was 

performed without observer bias. Each rater labeled the frames and spatial locations inside the 

capillary where these events occurred, using a graphical user interface. Following this process, the 

labeled events could be visualized on the capillary videos or on spatio-temporal (ST) maps to best 

visualize and highlight the events labeled by the human raters in capillaries. This transformation 

allows events to be visualized both explicitly, i.e., as a moving object through the corresponding 

video frames, and as a fixed profile in their ST-map representation. In the context of our study, 

this visualization technique had allowed us to retrospectively analyze the distribution of labeled 

events in our videos as well as the relevance of majority rater agreement.  

 

The concept of a ST map for capillary-flow visualization was proposed in previous literature (Uji 

et al. 2012; Lee, J. H. et al. 2015; Bourquard et al. 2015) It is motivated by the fact that events can 

be conveniently observed in that representation: events associated with WBCs are expected to 

appear as thick, high-contrast, sparse, and unidirectional ST trajectories (Tam, Tiruveedhula, and 

Roorda 2011). These properties also relate to the visual criteria that we defined for our raters, e.g., 

event brightness. ST maps make our rater-marked events appear as well-defined salient trajectories 

surrounded by a darker background (Fig. 12). 
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Figure 12. Blind event rating. Three raters independently labeled one same event they observed in one of the 106 

capillaries of the study. (a–c) Capillary-video frames (indexed top right) with cross-shaped event marks from rater 1 

(blue), 2 (green) and 3 (yellow). (d) Aggregated positions of all event marks from all three raters. (e) ST map 

displaying the recorded brightness levels along the segmented capillary length (vertical axis) as a function of time 

(horizontal axis) for a 1.7-second interval around the event of interest. A bright trajectory created by the passage of 

the event is clearly identified in the center of the ST map. Blue, green, and yellow crosses correspond to the ST 

coordinates where each rater labeled the event. 
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To create our ST maps, we followed an approach that extracts capillary brightness—as averaged 

over the cross-section—as a function of time and of the cumulative capillary length, based on 

segmented capillary boundaries (Bourquard et al. 2015). To improve the visualization of event 

trajectories, we normalized the map values by subtracting their local temporal averages as obtained 

between 50 frames before and after every time point. We performed the initial capillary-

segmentation procedure based on an image extracted from the corresponding registered video. 

Since the capillary profile may be incomplete in a single video frame due to the presence of 

absorption gaps in the flow, we chose to extract a temporally integrated image, based on an 

approach akin to that proposed by Allen et al (Allen and others 1998). for nailfold capillaries, 

where temporally variable features associated with the capillary flow were also enhanced to 

maximize contrast between the capillary and its surroundings. This approach relates to the concept 

of motion-contrast enhancement (Tam, Tiruveedhula, and Roorda 2011). Specifically, the image 

that we used for segmentation was obtained through the integration of temporal-frequency 

components whose periods were empirically chosen to lie in the [0.25,1.5] second interval.  

 

Capillary boundaries were first segmented manually, and then refined with the help of an active-

contour technique (Kass, Witkin, and Terzopoulos 1988). The segmentation of both capillary 

boundaries was finally automatically resampled to include 1,000 points each, such that the center 

of every point pair at the same index of both boundaries lies on the medial axis of the capillary, 

where the medial axis is the loci of all circles inscribed in the capillary. Finally, based on this 

segmentation, separations between the arterial limb, venous limb, and loop of the capillary were 

defined on a case-to-case basis for visualization (Fig. 13). 
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Figure 13: Example of a capillary segmentation. (a) Capillary from patient 02. (b) Same capillary with supervised 

segmentation (red). (c) Separations between arterial limb (green), venous limb (blue), and loop (red) of the capillary 

can be defined on a case-to-case basis for visualization. 

 

The indexing of the videos used by the raters for event identification and counting in every given 

patient was obtained by randomly shuffling the original-video names, rendering access to the 

original indexing or (non-) neutropenic state impossible. All capillary videos contained strictly 

equal amounts of frames. No information in the video content or naming contained patient 

information. 

4.7 STATISTICAL ANALYSIS  

For event counting, we required most of the human raters to agree on an event being observed, 

based on the labels obtained from all raters. By convention, we assumed that at least R raters have 

jointly marked a given event if the average mark times from at least R raters lie within at most ten 

frames from each other, i.e., 1/6 second at 60 FPS, which is substantially shorter than average 

times between consecutive events (Fig. 14).  
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Figure 14. Expected amounts of events per capillary minute under shot noise. Assuming typical capillary-diameter 

and speed values from the literature, amounts of expected events at baseline (blue; 1,500 neutrophils/μL) clearly 

exceed the corresponding amounts during severe neutropenia (red; 500 neutrophils/μL) for a single minute of 

acquisition, even under shot noise. Shown are expected count averages (central dots) along with expected variations 

originating from shot noise up to one standard deviation (bars). 

 

This agreement between raters allows to determine the final valid number of counts determined 

for each capillary extracted from the video and then combine them to create a final value such the 

mean, the median, etc., to compare against the reference blood draw and determinate if the patient 

is in Baseline stage or in the severe neutropenia, just using this information. 

4.8 RESULTS  

This section covers some of the main experiments and results obtained from the first study where 

we demonstrated the ability of the proposed approach to detect low WBC levels using 

capillaroscopy videos. The main results from this study are: 

• The presence of statistically significant differences between the baseline and severe-

neutropenia cases in the amounts of majority events per minute observed by human raters 

in suitable capillaries.  
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• The ability of the proposed method to compute majority-event counts averaged across all 

available capillaries in each video that accurately discriminates between baseline and 

severe neutropenia states, based on an aggregation of these majority events from several 

capillaries. 

• The beneficial effect of increasing the number of capillaries analyzed in each video for 

improving the discriminatory power the majority-event counts averaged across all 

available capillaries. 

For each capillary from each patient and timepoint of the study, the number of majority events per 

minute were obtained by summing all majority events detected by the human raters in the 

corresponding videos (Fig. 15). In each video, the raters selected a total of N capillaries, making 

sure that these capillaries appear in both baseline and severe-neutropenia stages. A total of 11 

patients have been used in this preliminary proof of concept. 

 

 

Figure 15: Number of majority events per minute in all studied capillary pairs. Capillary counts at baseline (blue 

dots) showed a statistically significant difference compared to the corresponding values during severe neutropenia 

(red squares). All capillaries were analyzed at both timepoints (53 pairs in total: black dotted lines. Only majority 

events were considered to maximize the objectivity of the event selection. 
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This approach based on three independent raters mimicked strategies that others have used for 

image-analysis applications (Ulman et al. 2017; Maška et al. 2014; Foggia et al. 2013; Luengo-

Oroz, Arranz, and Frean 2012; Bogovic et al. 2013). For example, a “ground truth” was established 

for cell-tracking studies by (1) three human experts independently tagging the datasets and (2) 

using a “majority-vote” mechanism to determine the ground truth for specific cell  components 

being tracked (Ulman et al. 2017; Maška et al. 2014; Foggia et al. 2013). In our case, as in prior 

literature, this approach using human raters serves as a first step towards developing an algorithmic 

approach (Bourquard et al. 2015). 

 

To explain further, the rationale for using multiple human raters is that visual evaluation of images 

or videos is intrinsically subjective and can be particularly sensitive to noise. Differences in the 

judgment by human raters explain discrepancies between the amounts of events tagged by most 

raters versus those tagged by an individual rater. Our strategy to reduce noise (i.e., to reduce the 

likelihood that a tagged event was just noise) was to adopt the majority-rater approach  (Ulman et 

al. 2017; Maška et al. 2014; Foggia et al. 2013; Luengo-Oroz, Arranz, and Frean 2012; Bogovic 

et al. 2013). 

 

At the patient level, majority-event counts were averaged across all available capillaries (Fig. 16). 

The use of multiple capillaries is beneficial because counting precision in single capillaries (a) is 

limited by shot noise, which is proportional to the square root of the amount of counts, (b) is limited 

by potential WBC phenomena not captured by our event-detection criteria and occurring in some 

capillaries, such as margination (Schmid-Schönbein, G. W., Usami et al. 1980; Golan et al. 2012), 

(c) depends on the particular capillary morphology and flow rate, and (d) depends on the particular 

positioning of the capillary in the underlying capillary network (Schmid-Schönbein, G. W. et al. 

1980). While averaging across capillaries might not fully eliminate the sources of variability, it 

proved enough to discriminate between baseline and severe neutropenia (Fig. 16). 
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Figure 16: Discrimination between baseline and severe neutropenia. The median numbers of majority events 

observed per minute, when averaging across all available capillaries per patient, allow discriminating between baseline 

(blue dots) and severe neutropenia (red dots) for the 22 video datasets and 11 patients of our study. The corresponding 

cross-capillary variability is also shown for each patient (blue and red bars with notch extremes determined as q2 ± 

1.57(q3 − q1)/N1/2, where the qi are the respective quartiles, and where N = 11 is the amount of paired data points). 

The optimal threshold to separate baseline from severe neutropenia was seven events per capillary minute (dotted 

black line). The X-axis is labeled with the patient IDs together with their amount of analyzed capillaries in brackets. 

The median number of capillaries used per patient was four. The difference in patient counts between baseline and 

severe neutropenia was statistically significant. 

 

The beneficial effect of averaging across capillaries was also corroborated by the fact that 

classification results improved with the number of capillaries used per patient (Fig. 17). When 

comparing individual or average capillary-count values between baseline and severe neutropenia, 

the Wilcoxon two-sided signed-rank test was used on our paired data. The use of this method 

avoided the statistical assumption that counts are normally distributed while testing the hypothesis 

H0 that there is no difference between counts obtained at baseline and during severe neutropenia 

for the same capillaries. The significance level for this test was set as α = 0.05. Besides this 

statistical test, receiver-operating-characteristic curves were generated to assess the performance 
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of binary-class classification between baseline and severe neutropenia as a function of a varying 

threshold count. 

 

Figure 17. Discrimination between baseline and severe neutropenia using distinct amounts of capillaries per 

patient. (a) Number of event counts shown for baseline (blue dots) and severe neutropenia (red dots) resulting from 

averaging across N = 1, 2, 3, 4, 5 capillaries per patient, when available. The corresponding cross-capillary variability 

is also shown for each patient (blue and red bars with notch extremes determined as q2 ± 1.57(q3 – q1) / N1/2, where 

the qi are the respective quartiles, and where N is the amount of available paired data points). For every fixed amount 

N of capillaries per patient to be assessed, results were averaged over 10,000 trials with randomly picked sets of 

capillaries, to handle amounts of cross-patient capillary combinations that are otherwise intractable. (b) Receiver-

operating-characteristic curves for classification of baseline vs. severe neutropenia based on integrating N = 1, 2, 3, 4, 

5 capillaries per patient. The patient-level distributions of the resulting count values show that their discriminatory 

power increases with the number of combined capillaries per patient. Specifically, the minimum area under curve 

consistently increases with the number of combined capillaries from 0.68 to 0.84, 0.88, 0.95 and 1.00 when including 

1, 2, 3, 4 and 5 capillaries, respectively. 
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Chapter 5 

METHODS & RESULTS TO AUTOMATICALLY DETECT LOW 

WHITE BLOOD CELL LEVELS FROM CAPILLAROSCOPY 

VIDEOS 

5.1 STUDY DESIGN  

In this chapter, we conduct a second study, based on the previous methods proposed in the previous 

chapter, where we carry on with the acquisition of patients to increase the sample size and 

demonstrate the ability to automate some of the methods used to detect low white blood cell levels 

from capillaroscopy videos. Beyond the 26 patients recruited for the first study, we continued 

recruiting in our two-center clinical study to collect enough data as to assess the ability of our 

device and automated algorithm to detect severe neutropenia in chemotherapy patients undergoing 

standard therapy. In the previous chapter a study to achieve an initial proof-of-concept of the 

principle of use a small set of nailfold capillary video samples, which were manually analyzed 

through visual inspection by human experts and in this chapter, we describe a second study where 

we validate a fully automated software analysis in an extended patient cohort.  

 

The new individuals enrolled followed the same study protocol as previously described for MGH 

and HULP. For this study, we did not only analyze data from baseline (ANC>1,500/µL) and severe 

neutropenia (ANC<500/µL) acquisitions, but also from different time points during the following 

days (Fig. 18). For that reason, we split our data into severe neutropenia cases (ANC<500/µL) and 

non-severe neutropenia cases (ANC>500/µL).  The protocol was approved by the corresponding 

Institutional Review Boards (IRB) for a total of 44 patients to be included in this study. 

https://www.fda.gov/regulatory-information/search-fda-guidance-documents/institutional-review-boards-frequently-asked-questions
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Figure 18: Possible timepoints to acquire imaging sessions. Patients go through predictable stages during their 

ASCT treatment, which provides the opportunity to collect capillary videos with a range of ANC values within both 

states of interest severe neutropenia (ANC<500/µL) and non-severe neutropenia (ANC>500/µL). For each patient, 

multiple non-invasive data acquisitions (purple dotted lines) happened at successive time points: (1) at admission, (2) 

at severe neutropenia and (3, N) after severe neutropenia occurs. 

5.2 EQUIPMENT AND SETTINGS  

For every patient, one-minute capillary videos were acquired using the same two units of our 

optical prototypes (Fig. 8) described in the previous chapter in the “4.2 Equipment and Settings” 

section. Following the acquisition of these sessions, an automated software pipeline composed of 

several processing blocks was designed to analyze the videos acquired in each imaging session. 

For each one-minute video validated by a human rater that fulfilled the minimum quality criteria, 

the automated algorithm proposed produced a separate data point consisting in a unitless 

“LeukoIndex”, which was used to classify severe-neutropenic cases (ANC<500/µL) from the rest 

(ANC>500/µL). 
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A fully automated pipeline composed of several processing blocks (Fig.19) was designed to detect 

severe neutropenia and a corresponding binary classification from in-vivo capillary videos. 

  

 

Figure 19: Algorithmic pipeline. Overall structure of the pipeline composed of distinct processing blocks. 
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Given an input raw video VRaw , acquired by our optical device (Fig.8) with a digital resolution of 

1280x1024 pixels and a frame rate of 60 frames per second, and given an input initial frame index 

FInit  provided by a human expert, this block extracts two uncompressed videos starting from 

FInit.  Specifically, VMinute and VMinute,half a version used to accelerate processing during global 

registration and capillary detection are extracted with the native pixel resolution and half of the 

digital resolution (640x512), respectively. An uncompressed image IInit is also extracted as the first 

frame of VMinute,half. 

 

A global registration process is applied on the video VMinute,half  acquired from our device to eliminate 

global movements that occur between frames. Since this is a first step to avoid the main finger 

movements produced during the video, we apply a rigid registration based on mutual information 

metric which showed better performance than other tested methods based on feature detection (see 

5.8 “Results”). Specifically, all video frames are aligned with respect to the first frame FInit, 

correcting for horizontal and/or vertical translations. For each frame, the correction is such that 

it maximizes its mutual information metric with FInit, following prior frame normalization (only 

internal to the registration process) where the local mean brightness is removed based on a square 

filter of size 75x75 pixels. The resulting registered video VReg,half is cropped to the area that remains 

inside the field of view during the whole video duration. 

5.3 DATA COLLECTION  

From the 44 enrolled subjects, video sessions containing at least one suitable capillary in their field 

of view were collected (Fig. 20) at different stages of the ASCT treatment (Fig.18) with the same 

process described in Fig. 9 and Fig. 10. Specifically, a technical operator ensured that at least one 

capillary fulfilled the required quality Criteria1 for analysis. This resulted in a total of 115 imaging 

sessions from 42 subjects, with an average of three sessions per subject. Each imaging session is 

associated with a reference blood test performed by the gold-standard clinical-laboratory analyzer 

whose values included the reference ANCs (Fig. 21). To ensure the correlation between the number 

of capillaries analyzed and the classification accuracy, we evaluated the diagnostic performance 

of our automatic pipeline on three distinct sets of imaging sessions: those that had at least one 
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suitable capillary (all 115 imaging sessions from all 42 patients), at least two (100 imaging sessions 

from 38 patients), or at least three (89 sessions from 35 patients). 

 

Figure 20: Collected data. (Left) Clinical prototype used to acquire video sessions. (Right) Example of a field of 

view acquired with our optical device showing several nailfold capillaries (black loops). 

 

Figure 21: ANC information for each imaging session acquired. (Left) Temporal ANC reference values for each 

recruited patient and each imaging session. (Right) Distribution of ANC across all patients and sessions. 
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5.4 CAPILLARY DETECTION  

Given a registered video VReg,half, a specific algorithm detects capillaries of suitable quality that 

appear in its field of view for the whole video duration. This algorithm is based on adaptation of a 

deep-learning technique YOLO (Redmon et al. 2016). The YOLO software itself can detect 

specific objects on a single frame, based on an initial learning process. The method that we propose 

adapts YOLO to our specific setting where suitable capillaries are to be localized in the entire 

video, as opposed to a single frame. This method uses YOLO because it runs much faster than 

other single-object detectors such as RCNNs due to its simpler architecture. It can also perform 

bounding-box regression and classification at the same time. 

 

Accordingly, our capillary-detection method consists in two distinct sub-parts: (1) detection of 

capillaries on single, separate video frames using YOLO, followed by (2) detection of capillaries 

that appear and are deemed suitable for the whole duration of the video. Part (1) is based on a pre-

trained YOLO network, the training set consisting of capillaries that fulfill quality criteria. For 

each video frame, this part provides a set of bounding boxes BBoxes with x,y, height and width 

information that locate and enclose the corresponding capillaries. Part (2) combines the 

information from single-frame detections and decides which capillaries are sufficiently well 

detected throughout all video frames, depending on the total amount of detections. The final set of 

capillaries is determined accordingly. 

 

In the single-frame part (1) of our capillary-detection method, YOLO is trained based on human-

expert-generated data to generate bounding boxes around each capillary that fulfills quality of the 

four conditions defined at Criteria1 that can be assessed in single frames. These four criteria 

Criteria2 relate to: (A) Illumination. Capillaries must be visible with enough contrast to an 

observer; (B) Focus. Detailed capillary structures/dynamics must be visible and not blurred out; 

(C) Visibility. No object (e.g., air bubbles) can occlude capillaries. (D) Morphology. Capillaries 

must exhibit clear arterial and venous limbs. For computational reasons, the YOLO method is 

applied on all video frames produced at half their native resolution VReg,half. For every video frame, 

the output of the method consists in bounding boxes around the detected capillaries (when any) 
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described by a set of rectangle positions. Each bounding box is also associated with a confidence 

value ₵, which is the likelihood that said detection corresponds to a suitable capillary, as opposed 

to an unsuitable capillary or an artifact. The parameters of this single-frame detection method 

consist in the weights of the artificial neural network and in the confidence threshold t₵ at or above 

which single-frame capillary detections are kept. These parameters have been determined based 

on training data against the human raters to maximize high-quality detections. 

  

In the whole-video part (2) of our capillary-detection method, each bounding box is identified by 

a given ID number in the first frame. For consecutive frames in video VReg, a tracking method is 

applied where each new detected bounding box is associated with a given ID if there is an area 

≥Ɵ where Ɵ is the area that overlap between the new detected bounding box and one of the 

previous saved bounding boxes with associated IDs or new ID is created for that bounding box 

otherwise. 

 

After tracking all the bounding boxes and give them an ID number, all the IDs are filter out based 

on the number of occurrences during the amount of video frames Nf in which it is detected. The 

rationale for doing so is to ensure that the selected capillaries are appropriate for subsequent event 

detection throughout the whole duration of the video and avoiding including capillaries that 

contain problems during video sequence or include false positive detections. Capillaries are then 

kept if and only if they are detected in at least tf video frames. This parameter is applied only if 

there are more than three IDs detected, avoiding discarding all capillaries in low quality videos 

and ensuring several capillaries detection per video that is beneficial from the perspective of 

classification performance; the analysis of multiple capillaries per video had indeed been shown 

to substantially increase classification robustness. 

 

For training our capillary selection model, we feed our neural network with 130 frames Finit and 

with 795 corresponding bounding boxes created manually. The frames were extracted as the first 

frames of 130 distinct capillary videos Vminute stemming from 43 distinct patients, thus ensuring 

enough data diversity.  The bounding boxes were manually defined by one human expert around 
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each capillary that fulfill the set of criteria Criteria2. Each patient received a numerical label 

following the order of acquisition of the data.  

 

To avoid overlap between training and testing data, we split the database into two subsets; one 

manually annotated subset Sodd associated with the videos with odd labels, and another subset Seven 

containing the videos with even labels. The YOLO confidence parameter was set to ₵ = 0.45 to 

avoid detections of unsuitable capillaries or artefacts. This condition generated the subset (Seven) 

with 66 Finit from 23 patients with a total of 416 annotated bounding boxes, and the subset (Sodd) 

with 64 Finit from 19 patients with a total of 379 annotated bounding boxes. The neuronal network 

was fed with Seven and Sodd for a total of 900 iterations each time, thus creating the corresponding 

learned weights Weven and Wodd.  

 

Following the above single-frame-detection step, each capillary was then tracked with a given id. 

This tracking is based on overlapping and Kalman filtering, to maintain the track if there are 

possible miss detection during frames.  It was selected if and only if it appeared in at least tf frames, 

i.e., if it was associated with a bounding box exceeding the confidence parameter ₵ in tf frames as 

itis shown in Fig. 22. The parameter tf was empirically set to 600, except if less than 3 capillaries 

were selected. In the latter case, tf was set such that 3 capillaries were detected if possible (i.e., 

provided that at least 3 distinct capillaries were detected in single frames). Another possible 

approach for further improvement of this method would be use just the segments of less than the 

1 proposed minute to calculate the LeukoIndex instead. 
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Figure 22: Capillary tracking criteria to select suitable capillaries. Each capillary was tracked with a given id 

during the 3600 frames of the video. In the left graph the black bars = capillary segments used to compute the LeukoIndex. 

The id is selected if the number of appearances is more than ₵ = 600, (green cases) or discarded if there are more than 

3 capillaries selected (red cases). In cases with less than 3 capillaries, the value of ₵ = 1. In the right graph capillary 

segments used to compute the LeukoIndex are shown in green and red otherwise. 

5.5 CREATION OF CAPILLARY VIDEOS  

Based on the full-resolution raw video VMinute, the global-registration information MAffine, and the 

box information BBoxes, this block extracts and crops one distinct capillary video VCap,n  for each 

capillary selected above. Before any registrations, this block makes sure that all the capillary 

bounding boxes do not overlap a certain amount>Ɵ where Ɵ is the area union between two 

bounding boxes, to avoid using bounding boxes that could include the same capillaries and 

measure one capillary twice.  In a first step, this block produces the video VReg that is globally 

registered exactly as VReg,half but with native full resolution. In a second step, this block extracts the 

videos VCap,n  from VReg with cropping limits defined by the frame-averaged widths, heights, and 

positions of BBoxes. The video-extraction process used in the second step uses a second registration 

pass (restricted to the capillary-video area and with sub-pixel precision) that ensures enhanced 

movement stability. Again, this method is based on the same mutual information metric approach 

as the previous global registration process but a bit slower in term of computational resources due 

to the subpixel precision. This refined pass involves the maximization of mutual-information 

criteria.  
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5.6 EVENT DETECTION  

For every single capillary video VCap,n, this block automatically detects events (i.e., optical-

absorption gaps associated with the passage of a white blood cell) that flow through the capillary 

microcirculation. This block consists in a specifically devised algorithm that (a) analyzes 

brightness variations in the video, (b) detects relevant variations associated with said events, and 

(c) labels events and mark their precise locations at the corresponding video frames. For a given 

capillary video, ECap,n corresponds to the total amount of detected events. 

 

Given an individual capillary video Vreg, the event-detection algorithm detects and labels the events 

flowing in the capillary microcirculation and marks them at the corresponding frames and spatial 

locations in the video. More specifically, the algorithm produces an output table containing all 

information pertaining to the events, which includes their labels, their frame indices, and their x 

and y positions on said frames. The algorithm starts by loading all the frames of the video Vreg as 

a 3D matrix, with matrix dimensions associated with to the x pixel location, the y pixel location, 

and the frame. Every matrix value corresponds to one brightness level, as acquired by the single-

channel sensor array of the optical prototype used for acquisition. 

The event-detection algorithm, whose overall principle is summarized in Fig.23, consists of 

successive data-analysis steps that start from the available 3D capillary-video matrix. Note that, 

besides the 3D matrix obtained from the video, this algorithm does not require any side information 

or capillary segmentation, unlike the Radon-based method (Bourquard et al. 2015). 
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Figure 23: Event-detection method. (a) Initial capillary video with selected frames showing a plasma gap flowing 

through the capillary, with the direction of flow emphasized by the arrow. (b) Pre-processed video with the event 

appearing as the salient feature in an otherwise dark background. The reference pixel Pref is shown in red, and 

additional pixels P1 and P2 belonging to the capillary are shown in blue. (c) Brightness time signal at the reference-

pixel location, at P1, and at P2, revealing the effect of the event (green highlight) on the measured brightness as peaks. 

(d) Final time signal obtained as the average between time signals at individual pixel locations, following their 

alignment with the reference time signal of Pref; the threshold level used for counting is shown as a vertical blue line. 
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These steps are: 

1. Normalization of the 3D video matrix 

Brightness values of the video are first normalized spatially and with respect to the first 

frame to compensate for potential brightness non-idealities associated with the illumination 

system of the optical prototype used for acquisition. First, individual frames are flattened 

by dividing the pixel brightness by local brightness averages estimated with a Gaussian 

filter with standard deviation of 25 pixels. Then, the average brightness of every frame is 

adjusted such that brightness values remain closest to the ones in the first frame (in the 

sense of mean-squared error).  

2. Each pixel in the preprocessed normalized frame stack has a time-signal associated with it 

that is similar for all pixels under which the same gaps pass. The main difference 

corresponds with a pixel specific time shift. Another difference is that not all-time signals 

are equally strong. As a first approximation, we choose a pixel away from the edge with 

the ‘strongest’ time-signal axis chosen to be the reference.  A ‘strong’ signal is defined as 

having large contrast between the bright gaps and the dark red blood cells. In this algorithm, 

the ‘strength’ of a candidate reference signal is estimated based on the ratio between the 

sum of its squared values and the sum of its absolute values; this ratio can be interpreted 

as an estimation of the strength of its peaks relative to its nominal fluctuations. Note that 

the estimates use the following pre-and post-normalization steps that only affect to the 

reference-signal estimation: (a) local temporal averages are subtracted from the time 

signals based on an averaging window of size 11, (b) for robustness, the aforementioned 

ratio is estimated as the median of 10 estimates from 10 successive time intervals of the 

same duration, (c) the resulting ratio estimates, which form a 2D map for the whole video, 

are further filtered spatially (across the spatial dimensions) with a Gaussian filter of 

standard deviation of 1 pixel. Other capillaries near the edge of the region-of-interest 

should be ignored, as may should intensity fluctuations due to imperfect registration be 

ignored, by introducing a weighting factor to penalize reference-pixel candidates that are 

near the border of the frame. A robust solution was found to choose the pixel that 
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maximizes the product of the peak intensity of the preprocessed time-signal and its distance 

from the edge of the region of interest. 

3. Enhancement of event-sized objects 

Everything feature that cannot be considered as an event is filtered out through spatial 

filtering of every separate frame.  Specifically, for every frame, a band-pass filter is applied 

in the discrete Fourier domain to remove all features of unsuitable size, the low-frequency 

and high-frequency band-pass parameters being adjusted to fit the range of expected event 

sizes. 

4. Removal of brightness bias in the time dimension 

The intensity of a red-blood-cell-filled capillary is set to zero. The goal of this step is to 

ensure that flow without events will display proper contrast with respect to the passage of 

events, the latter being then ideally associated with (significant) non-zero brightness values 

after bias removal. This operation is implemented by subtracting the temporal (frame-wise) 

medians from all corresponding pixels of the video in all frames. The pixel-wise operation 

is performed on all pixels separately and indiscriminately, i.e., independently of whether 

the pixels are inside or outside a capillary. Note that this step implicitly assumes that the 

capillary is filled with red blood cells for most of its length, most of the time. 

5. Calculate time-correlations of additional time signals with the reference signal. 

The time-signal that is associated with every pixel location of the video is compared to the 

reference time signal at the reference pixel that was estimated before. First, long-term 

intensity fluctuations are suppressed by applying a high-pass filter to every separate time 

signal along the time dimension, t. The correlation between every time signal and the 

reference time signal is then estimated, which results in an amplitude and a phase value for 

each pixel. A large positive amplitude indicates a strong correlation, and the phase indicates 

the time shift with respect to the signal at the reference pixel. This per-pixel amplitude and 

phase information is used in the step that follows to estimate an averaged signal that is 

more robust to noise. All operations are performed by replicating the first and last frame to 

avoid false detections at the start or end of the video sequence.  
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6. Calculate low noise signal. 

Based on the reference time signal and on the other times signals with associated phase and 

amplitude correlation information, an averaged time signal that is more robust to noise is 

created. This averaged time signal combines all time signals that are deemed to be part of 

the capillary.  More specifically, the time signals that are kept, if any, are such that: 

(a) Their correlation with the reference signal exceeds the reference-signal autocorrelation 

times a threshold value, (b) Their (positive or negative) time delay with respect to the 

reference signal (i.e., the phase) is no larger than the maximum time that a gap takes to 

flow through the capillary (a fixed parameter). 

The superior reference time signal is then calculated by averaging all valid time signals as 

follows: (a) the time signals are aligned in time with respect to the reference time signal, 

based on the phase information, (b) the aligned time signals are summed, (c) the resulting 

averaged signal is high-pass-filtered in time, based on a fixed minimum-frequency 

parameter. The resulting filtered one-dimensional signal is ready to be used for event 

detection. Note that the time at which events are detected is associated with the reference 

pixel position.  

In Fig. 24, we show an example of a real time signal produced by analyzing one of our 

capillary videos and show what types of time-signal profiles are expected around a single 

event versus a plasma gap. In that regard, we have hypothesized that gaps containing a 

white blood cell have a higher concentration of red blood cells, corresponding to a darker 

area, upstream, which is consistent with the example shown in Fig. 24 (a). The formation 

of these darker areas could potentially be used as an additional feature to better discriminate 

between actual events and mere plasma gaps, though this is not done in the current version 

of our algorithm. 
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Figure. 24: Averaged time signal. (a) Example of a real averaged time signal produced from one of the analyzed 

capillary videos, shown for its 20 first seconds (Frames 1-1200; see left), with positive-valued peaks associated with 

the detected events, with a two-second zoom around a single event (Frames 650-769; see right). The zoomed time 

signal around this example event displays a brightness peak and a slight ‘dip’ of some duration subsequently. (b) 

Illustration of the expected profile of the averaged time signal around the passage of a single event, this event being 

associated with the passage of a white blood cell in the capillary (see right). In accordance with the zoomed example 

of (a), an intensity “dip” is supposed to always occur right after the intensity-peak maximum, due to higher 

accumulation of red blood cells upstream the white blood cell. (c) Illustration of the expected profile of the averaged 

time signal around the passage of a plasma gap in the capillary (see right); no dip is supposed to occur in this case 

as there is no white blood cell and thus no accumulation of red blood cells upstream. 
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7. Identify events on the averaged time signal. 

Each gap is associated with an uninterrupted stream of values for which the averaged time 

signal, which reflects the spatially averaged normalized brightness in the capillary, exceeds 

a threshold value. Ideally, all non-zero values should reflect a passing event, but due to 

noise, this threshold should be set as a sufficiently large value. This threshold is set as a 

multiple of the noise’s standard deviation, where the noise is estimated following a positive 

exponential model (i.e., a decaying exponential is fitted to the positive part of the signal 

distribution). Prior versions of the same algorithm include the standard deviation of the 

signal itself as a noise estimate. Right before thresholding, the averaged time signal is 

further checked to avoid repeated spurious event detections: as an empirical rule, if the 

ratio between the median-filtered version of the signal (with filter size of 240 frames) and 

the first quartile thereof exceed unity, we locally divide the signal by this ratio. Note that, 

for each detected gap, the associated time information is defined with respect to the 

reference pixel; if the signal exceeds the threshold for more than one frame, the center 

frame is chosen. 

8. Mark gaps on the original video frames. 

While the previous steps of the algorithm are enough to get the counts we need, event 

marks can be generated in this step with the algorithm, in the same way that manual raters 

do when labeling events.  In the final part of the algorithm, the gaps are mapped back to a 

series of x, y, and t in the data cube, maximum one per frame. Each gap can occur in 

multiple frames, a number that depends on the flow speed and the frame rate.  In any case, 

it is limited to the maximum crossing time of a gap around the reference frame, the frame in 

which the gap passed the reference pixel. For each frame, the algorithm marks the brightest 

pixel that is deemed to be inside the capillary. 

5.7 STATISTICAL ANALYSIS  

For each capillary video, the algorithm thus outputs an associated gap count. Accordingly, after 

averaging across the corresponding detected capillaries, each raw video was associated with a 
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specific LeukoIndex, which can be used for classification. In Fig. 25, we illustrate and analyze results 

from our event-detection method on the 26 raw videos Vraw,n,m that were used in the previous  

chapter, in comparison to what human raters did. As a criterion, the performance of the algorithm 

should be comparable to the one of the individual raters. As a metric measuring the consistency of 

the detected events, we chose the F1 score, which is defined as the harmonic mean of precision P 

and recall R, extracted from the numbers of True Positives (TP), False Negatives (FN) and False 

Positives (FP) where P = TP / (TP+FP) and R = TP / (TP+FN). For individual experts (3 in total), 

the F1 score was evaluated against the events consistently detected by the rest of experts (i.e., 

groups of 2). For the algorithm, the F1 score was evaluated as an average between the results with 

respect to these 3 groups of 2 experts, which ensured an unbiased comparison. Note that the F1 

score takes true positives, false positives, and false negatives into account. 

Figure 25: Algorithm vs manual raters event detection. On the top-left, example of event detected on a capillary 

video by one of the human raters (top row) vs. the algorithm (bottom raw) with event marks in blue and white, 

respectively. On the bottom-left, illustration of how true positives (TP), false positives (FP), and false negatives (FN) 

were evaluated for event detection with respect to a reference. On the right, average F1 score obtained for the 3 raters 

(red) and for the algorithm (blue) across the 26 capillary videos analyzed, displaying a comparable performance of 

the algorithm according to that metric (F1 isocurves shown in black dashed lines). The expected behavior of the 

algorithm if tuning the event-detection threshold is shown in red dashed line (only illustrative).  
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To produce this index, our pipeline first detected nailfold capillaries in the corresponding video 

session, then counted passing optical-absorption gaps inside these capillaries, and finally averaged 

the individual capillary counts into one single value.  

 

Given all capillary videos extracted and counted by the previous blocks based on the initial raw 

video VMinute from a patient acquired at a given time point, one single LeukoIndex value summarizing 

all event counts is estimated. This block extracts Leukoindex based on an average of each scalar value 

ECap,n . The result is then compared against a threshold μ that is learned from the data. The 

classification is severe neutropenia if Leukoindex < μ, and the absence of severe neutropenia 

otherwise. This empirical threshold was determined based on a total of 116 raw videos.  Note that, 

in our algorithm, the averaging operation that determines Leukoindex is a weighted operation, where 

the weights assigned to each capillary are determined from their estimated quality. Specifically, 

weights were set to 1/10 if the threshold used to detect events was greater than a fixed level relative 

to the standard deviation of the signal (which indicated a lower quality) and to 1 otherwise. In 

general, weights may be determined in various ways, using any type of local information that is 

available.  

5.8 RESULTS  

 

In this section, we describe the main experiments and results obtained by automated methods we 

developed to detect low neutrophil levels from capillaroscopy videos. The main results from this 

study are: 

• The development of an automated capillary detector that generates bounding boxes around 

capillaries of suitable quality. 

• The development of an automated event detector and counter that can accurately identify 

the plasma gaps that flow through the detected capillaries. 

• The ability of the overall automated analysis method to accurately discriminate between 

the severe neutropenia and non-severe neutropenia states based on the Leukoindex value that 

it calculates.  
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Firstly, to test both rigid registration methods based on mutual information metric with the first 

video frame, we focus on evaluating their accuracy apart from other several factors such stability, 

robustness, reliability, complexity, and usability. To do so, a segmentation-based validation has 

been used where a fixed volume of interest, in this case the capillary in the first frame, has been 

overlapped across the different images. Changing the method and the parameters to increase the 

overlap between both images allowed to maximize the registration quality and to achieve a 

reasonable result with good stabilization performance across the first and last frames. This 

procedure was repeated in multiple capillary videos and several iterations of the method were 

conducted to achieve a good compromise between speed and accuracy, which was especially 

relevant for sub-pixel registration where computational requirements are more stringent.  

 

Automated capillary detector 

To test the single-frame-detection part of our capillary-detection algorithm we run it on the set Seven 

with the weights of Wodd, and the set Sodd with the weights Weven. Also, to validate the detections 

and compare them to a reference, we used 24 first frames from 24 distinct videos Vminute where 

capillary boxes were annotated by two human experts (Fig. 26). These annotations were generated 

in our previous study were two experts selected capillaries according to the following set of criteria 

Criteria2: (A) Illumination. Capillaries must be visible with sufficient contrast to an observer; (B) 

Focus. Detailed capillary structures/dynamics must be visible and not blurred out; (C) Flow. Blood 

flow must exist to allow for potential events to be identified and counted; (D) Stability. Capillaries 

must fully remain within the video FOV in all frames; (E) Visibility. No object (e.g., air bubbles) 

can occlude capillaries. (F) Morphology. Capillaries must exhibit clear arterial and venous limbs.  
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Figure 26: Capillary manual selection vs automated capillary selection. Example of manual bounding boxing 

selection from a human rater vs automated result provided by the proposed YOLO-based method.   

 

Note that, while Criteria2 slightly differed from Criteria1, it was found that the amount and quality 

of the capillaries detected by our algorithm were enough to ensure proper classification results.  

Using a ₵ = 0.45 to detect capillaries, and with the required overlap between bounding boxes 

higher than 85%, all the capillaries marked by the raters were used to compare against the proposed 

automated method to detect capillaries. A total of 795 were marked by the raters, 687 were also 

selected by the Algorithm and 174 new capillaries were selected just by the algorithm. To evaluate 

the performance of the proposed automated method for every video we required that at least 3 or 

more of the capillaries marked by the rates were detected by the automatic method. As a result, a 

total of 86 from 116 videos had more than 3 capillaries detected by both, 27 with 2 or less 

capillaries detected and just 3 cases where the raters detected 3 capillaries but those were not 

detected by the algorithm. An example of capillary detection performed with our proposed method 

to automatically detect objects of interest is shown in Fig. 27. 
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Figure 27: Capillary detection in a raw video using the proposed YOLO-based method and comparison with 

human-expert-based performance.  Results from the union between two raters (green) vs. results from our algorithm 

(red; yellow if overlap). 

 

Automated event detector 

In the case of the proposed event detector, all the optimizations to maximize performance were 

made using the event marks labeled by the human raters in the first study as gold standard. For 

each rater, a function of the cost C* was calculated using the events detected by the algorithm vs. 

the ones marked by the rater, considering only the events at least marked by two raters. Defining 

True Positives (TP) as events with agreement of the algorithm and two raters, False Positives (FP) 

as events marked by the algorithm but not by the raters and False Negatives as events marked by 

the raters but not by the algorithm C* is calculated as follows: C* =mean[FN/ (TP + FN)] 

+mean[FP/ (TP + FP)] for each rater, as shown in Fig. 28. 
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Figure 28: Example performance evaluation of the algorithm based on the maximization of C*. Number of 

counts is evaluated per capillary and per patient for each proposed automated method to maximize C* and to achieve 

the closer performance possible with respect to the human raters. 

 

Additionally, after finding the best possible values of C* for each of the 3 raters with their 

corresponding values of 0.76, 0.75 & 0.73 respectively, an additional distance parameter D was 

defined to optimize and better select all the parameters involved in the final proposed automated 

method. To difference between Non-Severe Neutropenia Counts (N-SNC) and the Severe 

Neutropenia Counts (SNC) by the algorithm in each capillary, the defined distance parameter D is 

calculated as D = [mean(N-SNC)–mean(SNC)] / (mean(N-SNC) +mean(SNC)). From there on, the 

method has been refined taking different properties into account, such the expected event. This 

evaluation was done in the same set of 168 capillaries as the one used previously to evaluate C*. 

This yielded a final value of D = 0.82 and further increases the separation between both baseline 

and severe-neutropenia stages.  
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Classification 

After tuning a final version of the proposed method for counting visual plasma gaps in videos of 

capillaries, to generate classification results with the automated method, we used a total of 116 

imaging sessions (mostly associated with 1 raw video each) from 42 patients. From these sessions, 

60 corresponded to a reference blood-draw value of ANC<500 and 56 to ANC>500 (15 of which 

to 500<ANC<1,500). In cases where consecutive daily blood draws showed a transition 

from ANC<500 to ANC>500, the imaging session had to take place within 8 hours of the first 

one. Results of Leukoindex were then compared against the gold-standard ANC values to determine 

performance in separating severely neutropenic patients (ANC<500/µL) from the rest 

(ANC>500/µL), giving the opportunity to calculate the rate of correctly classified severe 

neutropenia cases (true positives) against the rate of false alarms (false positives). 

 

In Fig. 29, we show the classification results from the data. A performance of 9% of false alarms 

(i.e., 9% of cases wrongly deemed severely neutropenic) under a 96% rate of detected severe 

neutropenia (AUC = 0.96) was obtained.  In these results, a total of 20% of sessions were deemed 

unsuitable during analysis and were thus discarded. The conditions for session suitability, which 

were assessed by the automated pipeline itself a priori and without requiring any reference blood-

draw information, are: (a) no session with <3 detected capillaries, (b) no session with zero 

Leukoindex: individual cap. with no detected events being also discarded as part of (b). This figure 

also shows preliminary results of how the Leukoindex correlates with the reference ANC value 

obtained by the laboratory. Even though the correlation is not strong, a clear increasing trend can 

be observed. Further investigation will be needed to increase this correlation. All the severe 

neutropenic cases (<500ANC) that are misclassified or that are close to the threshold lie in the 

100-500 ANC range, displaying higher Leukoindex than expected. In the videos corresponding to 

these cases, several plasma gaps flowing through capillaries can be identified by human raters. 

Though this is the topic of further investigation, it may be that the correlation between amounts of 

absorption gaps and ANC values is nonlinear at low ranges of ANC.   
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Figure 29: Classification results generated by the fully automated pipeline on 89 data points from the 116 data 

points that comply with the 2 conditions. On the left, box plot showing the classification of raw videos associated 

with baseline states (ANC>500) vs. raw videos associated with severe-neutropenic states (ANC < 500). In the middle, 

the correlation plot between the Leukoindex and the ANC concentration values. On the right, ROC curve associated 

with the data points (AUC = 0.96). 

 

To understand the impact of having few capillaries, we evaluate the impact of having all the 

imaging sessions with at least one suitable capillary that yielded to an AUC of 0.91 (Fig. 30), 

whereas those containing at least two suitable capillaries yielded an AUC of 0.94 (Fig. 31).  

 

 

Figure 30: Classification results using 1 suitable capillary. (Left) Non-invasive imaging sessions, acquired from 

chemotherapy patients in our study, were automatically analyzed by our software pipeline to yield a LeukoIndex result 

which can be used to perform a classification with respect to the corresponding gold-standard ANC values obtained 

from blood tests. Each classification result is associated either with a severe-neutropenic reference state (ANC<500; 

red markers) or above (ANC>500; blue markers). Results corresponding to imaging sessions containing at least one 

suitable capillary are shown. (Right) Receiver Operating Characteristic (ROC) curve associated with this classification 

(AUC = 0.91, N=42 patients, and 115 imaging sessions).  
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Figure 31: Classification results using 2 suitable capillaries. (Left) Non-invasive imaging sessions, acquired from 

chemotherapy patients in our study, were automatically analyzed by our software pipeline to yield a Leuko index result 

which can be used to perform a classification with respect to the corresponding gold-standard ANC values obtained 

from blood tests. Each classification result is associated either with a severe-neutropenic reference state (ANC<500; 

red markers) or above (ANC>500; blue markers). Results corresponding to imaging sessions containing at least two 

suitable capillaries are shown. (Right) Receiver Operating Characteristic (ROC) curve associated with this 

classification (AUC = 0.94, N=38 patients, and 100 imaging sessions). 

 

We studied variability of our test results depending on the number of capillaries used to obtain the 

measurement (Fig. 32). Since the measurements provided by the manual counting correspond to a 

binary classification (ANC<500 or ANC>500), we evaluated variability using the 

percentage agreement between measurements. The percentage agreement is also recommended for 

evaluation of the performance of binary results in the FDA guidelines (Lasko et al. 2005). 

 

First, the intra-measurement agreement of the results obtained when restricting the whole analysis 

to one, two, or three capillaries per imaging session was determined. Specifically, comparisons 

were performed between the cases with one vs. two capillaries per session, and between the cases 

with two vs. three capillaries per session, adding one capillary at a time, and using the percentage 

agreement as a metric. Then, the percentage agreement was also determined with respect to the 

reference classifications from the blood draw (ANC < 500 or > 500), considering the cases with 
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one, two, and three capillaries per session as well as the case where all available capillaries are 

used. 

 

The binary classifications were obtained using a threshold that guaranteed a 96% sensitivity rate 

of correctly detected severe neutropenia (µ=11.12). The percentages agreement was computed 

across all sessions with at least 3 detected capillaries, averaging results between all existing 

capillary combinations that were available in each session.   

 

The intra-measurement agreement when using only one, two or three capillaries per imaging 

session (Fig 32) was shown to increase as more capillaries were used (87% agreement when using 

1 vs. 2 capillaries and 91.4% agreement when using 2 vs. 3 capillaries). Also, the classification 

performance improved with the amount of analyzed capillaries per session, with the percentage 

agreement increasing from 69.8% to 90.9%, which also corroborates previous results. 

 

 

Figure 32: Variability study agreement using different combination of capillaries. (Left) Classification result 

with an empirical threshold µ=11.12 that guaranteed a 96% sensitivity of correctly detected severe neutropenia when 

using three suitable capillaries. (Right) Agreement between the results from when restricting the analysis to one, two, 

or three capillaries per imaging session. Upper table: Percentage of intra-measurement agreement when using 1 vs. 2 

capillaries per measurement and when using 2 vs. 3 capillaries per measurement. It can be observed that the intra-

measurement agreement increases when more capillaries are being used. Lower table: Percentage agreement between 

our results and the gold standard results from the blood draw (ANC < 500 or > 500), when 1, 2, 3, and all available 

capillaries were used for the analysis. It can be observed that the agreement of our measurement with respect to the 

gold standard increases when more capillaries are being used. 
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In addition to the above classification results, our pipeline also turns out to yield satisfactory 

classifications when based on raw/capillary videos with durations smaller than one minute. The 

interest of being able to process smaller-duration videos and produce suitable classifications based 

on them is that: (a) this potentially allows for smaller video-acquisition times (e.g., 30 seconds; 

see below), which can ease the logistics of data acquisition in clinical settings and minimize the 

data bandwidth and storage, (b) this potentially allows to still select and process capillary videos 

in cases where capillaries are present in the field of view and/or can be detected only for a limited 

time with sufficient quality, e.g., due to quality issues or patient finger’s movement. 

 

To demonstrate the ability of our pipeline to generate satisfactory classifications even when based 

on smaller video durations, we performed an experiment where events are counted within clips of 

limited time with respect to the total (nominal) video duration of one minute. The clips are 

characterized by the following parameters: (1) duration [s], which is the most relevant parameter, 

and (2) time [s] at which the clip starts in the full video. Then, using the same chunk clip 

parameterization for all available input data, the AUC is plotted as a function of (1), or as a function 

of (2) while leaving (1) fixed at a constant value. 

 

Results are shown in Fig. 32. At the beginning, the AUC performance turns out to increase rapidly 

as a function of the analyzed-video duration, which is expected because no classification 

information is available in the limited of a zero-duration clip. Meanwhile, one relevant observation 

is that the AUC classification performance happens to already reach its optimum starting from 

approximately half the nominal 1-minute acquisition time. This demonstrates that our device could 

produce suitable results with only half the acquisition with respect to the duration currently used. 

Alternatively, we may still maintain the very same one-minute acquisition-time requirement for 

our device but process two distinct 30-second videos from distinct nailfold regions instead of one 

to further increase robustness to potential issues, such as the cases with lack of capillaries or zero 

LeukoIndex. Finally, the fact that the ROC curve shown in Fig. 32 (b) is nearly constant may 

motivate the use of similar concepts to assess the validity of single measurements and/or their 
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stability in time, i.e., making sure that the classification that is obtained from every individual 

measurement is stable at any time provided a sufficient (e.g., 30-second) analysis window. 

 

Figure 32: Classification results for video clips of limited duration. On the left, classification AUC as a function 

of video duration [s], with video clips beginning at the very start of the full video. The classification performance is 

seen to remain optimal and equal to the one based on full video for durations of at least 29s, i.e., approximately half 

the original 1-minute duration. On the right, classification AUC for the limit 29s-clip case when varying the starting 

time of video clips in the full 1-minute video; the near-constancy of the resulting AUC values demonstrate the stability 

of the classification results.  



CHAPTER 6. DICUSSION AND LIMITATIONS 
 

70 
 

Chapter 6 

DISCUSSION AND LIMITATIONS 

6.1 DISCUSSION OF STUDY DESIGN PORTABLE OPTICS ALLOWS ACQUIRING 

STABLE HIGH-SPEED AND HIGH-CONTRAST VIDEOS OF MULTIPLE 

NAILFOLD CAPILLARIES IN-VIVO.  

 

We designed a portable and custom optical prototype (Fig. 8) to record high-quality microscopy 

videos of the microcirculation in human nailfold capillaries, which we employed on the ASCT 

patients of our first study. A three-dimensional (3D) model of our device is shown in Fig. 8a. The 

patient’s finger is inserted from the top into the well of a 3D-printed semi-spherical easily sanitized 

hand rest (Fig. 8b) designed to ergonomically hold the patient’s hand with enough stability to 

record one-minute videos. Capillary videos are acquired from the nailfold region in the patient’s 

finger (Fig. 8c). 

 

Several features of our prototype were optimized from the perspective of event detection, as 

opposed to generic off-the-shelf capillaroscope solutions used in prior work. Our device 

maximizes RBC-to-non-RBC contrast and allows acquiring high-resolution videos at 60 FPS, 

while providing enhanced stability during acquisition through its hand rest. This allows to track 

event movement with sufficient temporal resolution, knowing that the range of flow speeds in 

nailfold capillaries is 100–1,000 μm/s (Mugii et al. 2009; Shih et al. 2011). By contrast, the lower 

frame rate of capillaroscopy videos—typically 15 FPS at high resolution (Bourquard et al. 2015)—

makes such tracking challenging; events approaching 1,000 μm/s would typically be missed or 

appear on only one frame. To minimize the acquisition time per patient, our prototype was also 

designed to image multiple capillaries within one same FOV. Single acquisitions could contain up 

to 10 capillaries of suitable quality this could not be achieved when employing off-the-shelf 

capillaroscopies. 
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Our simple optical approach made the acquisition of multiple capillaries particularly convenient, 

unlike other techniques proposed for capillary imaging, such as encoded confocal microscopy, 

which focuses on single capillaries (Golan et al. 2012). The capillaries that we imaged are so 

narrow, with typical widths of 10–20 microns (Hofstee et al. 2012), that WBCs are forced to 

squeeze through them one by one. Considering one example capillary video frames reveal the 

passage of an event in the microcirculation, which can be perceived as a moving “bright” object 

approximately of the same size as the capillary diameter (~15 μm), and whose brightness is 

substantially higher than the surrounding RBCs. 

 

Event movements could be clearly followed across successive video frames, and, as such, were 

visually identifiable by a human observer. Accordingly, we instructed three blinded human raters 

to tag all events in our capillary videos (Fig. 12), following specific visual criteria. ST maps 

provide a convenient alternative representation for visualizing all event trajectories with the marks 

from these raters in the one-minute capillary videos. Our empirical observation is that event 

trajectories visible on the ST map corresponded well with events identified by the raters from the 

videos (Fig. 12). Also, this device has been used to analyze an extended cohort of patients where 

every video with the required quality has been analyzed in an automated way to discriminate 

between the proposed stages (Fig 16). 

6.2 DISCUSSION OF MICROCIRCULATION EVENTS WITH SPECIFIC 

FEATURES CONSTITUTE USABLE PROXIES OF WBC.  

Based on our optical prototype and using our first study to validate the primary idea, we recorded 

and analyzed 22 video datasets from 11 ASCT patients undergoing chemotherapy at two different 

time points (Fig. 7): pre-chemotherapy baseline (>1,500 neutrophils per μL) and severe 

neutropenia (<500 neutrophils per μL). The same sets of capillaries were acquired at baseline and 

during severe neutropenia for every patient to ensure the consistency of the results and avoid 

potential confounding factors. The choice to acquire one-minute videos was motivated by the need 

to overcome the shot noise associated with the discrete nature of the events. 
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In these videos, the consistency with which events were identified by the human raters in the 

capillary microcirculation depended on whether acquisitions were performed at baseline or during 

severe neutropenia. In baseline cases, most identified events (62%) were majority events, i.e., 

events tagged by two or more raters. In severe-neutropenia cases, only 22% of them were majority 

events, which was associated with lesser amounts of consistent visual features. This highlights the 

importance of our majority-rater approach to reduce noise. 

 

The number of majority events in a capillary acquired during severe neutropenia was consistently 

lower than in the same capillary acquired during baseline (Fig. 15). Overall, paired capillary counts 

showed a highly statistically significant difference (Wilcoxon two-sided signed-rank test, N = 53, 

P = 5 * 10−9) between baseline and severe neutropenia. However, when considering non-majority 

events, i.e., events tagged by single raters, this difference was substantially less significant 

(Wilcoxon two-sided signed-rank test, N = 53, P = 0.04) than with majority events. 

 

The above results suggest that events with consistently detectable visual features correlate with the 

presence of WBC and neutrophils. Majority events were thus treated as proxies to WBCs. 

Additionally, when diameters were recorded at the capillary segments where majority events were 

tagged, their distribution fell within the range of WBC diameters, i.e., 10-20 μm (Fig. 34), even 

though human raters were not instructed to label flow gaps at locations of any specific diameter. 

This provides additional confidence that majority events could be associated with WBCs flowing 

in single file. 
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Figure 34: Distribution of the capillary diameters at the positions where majority events were detected. Based 

on the capillary segmentations, capillary diameters were computed at the average positions of all events occurring in 

the 106 capillaries of our study, and the diameter distribution generated accordingly. Most majority events were 

detected in capillary segments of approximately the same diameter as WBCs, i.e., in the 10-20 μm range, thus 

confirming previous observations in the literature (Schmid-Schönbein, Geert W. et al. 1980; Golan et al. 2012) and 

the usability of events as proxies of WBCs. 

 

Based on our results obtained by the automated detector of low white blood cell levels described 

the idea of treated absorption gaps as proxies to WBCs has been proved in many patients, showing 

that and automated process of the same methods described in chapter 5 can replicate the 

performance of three independent raters and allowing to classify with a decent performance during 

different stages of the treatment. 

6.3 DISCUSSION OF COUNTS OF MICROCIRCULATION EVENTS ALLOW 

CLASSIFYING BETWEEN DIFFERENT STATEGES NON-INVASIVELY.  

Counts from distinct capillaries tended to vary for the same patient, sometimes reaching low values 

even at baseline. Such variations may be associated with several factors—such as an uneven 

distribution of WBCs across the capillary network (Schmid-Schönbein, G. W. et al. 1980)—which 
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motivated the averaging of counts across several capillaries for every patient to increase results 

robustness as we describe in chapter 6. 

 

When averaging majority-event counts across all capillaries for a given patient and time point, the 

paired difference in patient counts between the neutropenic and baseline states remained apparent 

(Fig. 16) and highly statistically significant (Wilcoxon two-sided signed-rank test, N = 11, P = 

0.00097) with a median difference of 30 counts between baseline and severe neutropenia.  

 

Counts displayed very little overlap between baseline and severe neutropenia, which allowed for 

relatively robust classification. Specifically, at a threshold of seven counts, median counts across 

all capillaries of every given patient could correctly classify all baseline cases and 10 of 11 

neutropenic cases. Patient 06 displayed a lower level of discrimination because of three capillaries 

with low majority-event counts at baseline, particularly in one of them. The misclassification in 

Patient 10 was associated with a high event count in one capillary at severe neutropenia. This 

outlier played a critical role because only two capillary pairs were available for this patient.  

 

Majority events yielded substantially better results in patient counts than events marked by single 

raters, where count differences below statistical significance were obtained between baseline and 

severe neutropenia (Wilcoxon two-sided signed-rank test, N = 11, P = 0.17), with a median 

difference of only eight counts. The number of capillaries used per patient positively correlated 

with the classification performance, with areas under curve of 0.68, 0.84, 0.88, 0.95, and 1.00 

obtained for majority-event counts from one, two, three, four and five capillaries—when 

available—per patient, respectively (Fig. 17). The two or three first added capillaries accounted 

for most gain in classification performance. 

 

These results indicate that, while observations based on single capillaries or single-rater-event 

counts can yield high rates of erroneous classifications, the averaging of majority-event counts 

across more than three capillaries per patient allows for a robust discrimination between baseline 

and severe neutropenia. This indicate that not all capillaries in the nailfold area displayed the same 

amount of plasma gaps, external pressure on the skin -which may restrict blood flow to certain 

capillaries- or differences in capillary morphologies can explain this phenomenon. 
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6.4 DISCUSSION OF HOW AN AUTOMATED METHOD CAN ACHIEVE 

CLOSELY THE SAME CLASSIFICATION PERFORMANCE THAN HUMAN 

RATERS.  

Results obtained in the second study demonstrate for the first time, that our non-invasive optical 

system coupled with the proposed automated video analysis pipeline can detect severe neutropenia 

with high accuracy in a patient cohort showing various degrees of ANC values, without the need 

for a blood draw. We successfully demonstrated that our automated pipeline could detect low level 

of white blood cells compared to the gold standard blood draw. This work not only shows the 

ability of algorithms and AI to extract and process data in a similar way that a human rater performs 

after a visual inspection, but also demonstrate that specific procedures can be fully automated by 

algorithms with the same or even better performances and that those produce the same results in a 

faster and more systematic way. Human inspection of capillaroscopy videos where raters are 

trained to differentiate between severe neutropenia and non-severe neutropenia lacks repeatability 

and is a slow and tedious process.  The advantage of having an automated pipeline opens the 

possibility to evaluate capillaroscopy videos much faster and extract not only a discrimination 

between severe neutropenia and non-severe neutropenia but also to calculate different features like 

number of capillaries, their diameter, speed of the plasma gaps passing by each of them or even 

their size and their volume, which could be used in the future to refine this discrimination and 

advance towards noninvasive quantitative white blood cell counts.  

6.5 LIMITATIONS  

The main limitation of the proposed automated pipeline is the requirement of being able to acquire 

images of capillaries with a certain quality to achieve a precise estimation. Several patients and 

multiple imaging sessions were rejected from our studies as they did not accomplish these quality 

criteria and this requirement might be a limitation to estimate correctly in a certain group of 

patients.   

 

Hard skin thickness, high Fitzpatrick level, or other confounding factors such as clubbing, 

vasculopathy, thrombophilia, and hemorrhage, to name a few may also represent a limitation of 



CHAPTER 6. DICUSSION AND LIMITATIONS 
 

76 
 

the presented automated pipeline. These circumstances sometimes hamper the ability to perform 

capillaroscopy acquisition correctly, avoiding the light to penetrate the skin correctly and hiding 

the capillaries from the optical acquisition system. 

 

The fact that the output of the presented method is just a binary classification to define the detection 

of severe neutropenia instead of a quantitative estimation of the WBC or ANC concentration might 

also represent a limitation, limiting the actions or decisions that clinical personnel could take. 

  

Another limitation is the fact that some severe neutropenia cases could be classified as non-

neutropenic with the current automated pipeline. This might end in several complications given 

the wrong diagnostic. This limitation should be diminished by increasing the sensitivity of the test 

or recommending the realization of a standard test before treatment or in case of neutropenia 

suspicion.  

 

Also, the technology used for the manually-operated optical device has some limitations in terms 

of size and is highly dependent of an operator to acquire capillaroscopy videos with good quality, 

making hard usability for non-trained personnel.



CHAPTER 7. CONCLUSIONS AND FUTURE WORK  
 

77 
 

Chapter 7 

CONCLUSIONS AND FUTURE WORK 

7.1 MAIN CONCLUSIONS 

Overall, this work demonstrates that chemotherapy patients can be screened for severe neutropenia 

automatically and non-invasively without the need to draw blood. By using capillaroscopy videos 

of the nailfold area, and counting plasma gaps that pass through each capillary, it is possible to 

detect severe neutropenia state with statistically significant accuracy. In this PhD Thesis, a first 

study was performed where video capillary images were acquired in a cohort of 11 patients, and it 

demonstrated that using manual counts of plasma gasps is possible to discriminate between videos 

that correspond to baseline (ANC>1,500/µL) or to severe neutropenia (ANC<500/µL) with a 

precision of the 95.45%.   

 

After demonstrating the feasibility of the hypothesis, an automatic image-processing pipeline has 

been created to analyze the capillaroscopy videos where automatic detection of capillaries, 

stabilization, plasma gaps detection and calculation of a “LeukoIndex” was performed by the pipeline.  

 

Using the proposed automated pipeline, a second study -this time without requiring strict capillary 

pairing- was performed in a cohort of 42 patients. A total of 89 capillaroscopy videos with 3 or 

more suitable capillaries detected, 100 capillaroscopy videos with 2 or more suitable capillaries 

detected, and 116 capillaroscopy videos with 1 suitable capillarie detected were analyzed by the 

proposed automated pipeline to perform a classification of neutropenic (ANC<500) vs. non-

neutropenic (ANC>500) patients, and achieving a precision of 96%, 94% and 89% respectively. 

 

The goal of this PhD thesis was to investigate whether severe neutropenia could be detected non-

invasively in humans based on optical imaging through the fingernail with a custom-made portable 

prototype. From that perspective, the results demonstrate the relevance of using non-invasive 

videos of the microcirculation in nailfold capillaries and represents the first proof of concept for a 
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technology that could measure an important toxicity of chemotherapy by non-invasive optical 

means. The automation, replication, and refinement of these results may lead to a new paradigm 

in the monitoring of cancer patients at risk of severe neutropenia. Furthermore, from a more 

general standpoint, the proposed imaging technique and conceptual approach could constitute one 

first step towards non-invasive, in-vivo WBC counting. 

 

The proposed automated pipeline to detect severe neutropenia does not intend to replace the gold 

standard laboratory tests. It rather serves as a monitoring mechanism to flag high-risk patients, 

who could be promptly referred to further state-of-the-art blood analysis in case of a positive 

measurement. 

 

The work presented in this PhD Thesis has resulted in two research papers in renowned scientific 

journals, one presentation in a scientific conference and one international patent currently being 

commercially licensed by Leuko, a startup that spun out from UPM and MIT partially as a result 

of the presented work.   

7.2 FUTHER WORK  

One first possible line for future work would be to create a pre-quality check step where the system 

would evaluate the quality of the image before analyzing it, and therefore reject poor quality data, 

avoiding potential erroneous diagnostic results based on non-sufficient capillaries with the 

required quality.  

 

Another possible line for future work would be to upgrade the hardware used to acquire videos 

and increase the number of suitable capillaries detected in a single session to obtain more features 

and generate better estimations avoiding false positives or false negatives results as shown (Fig. 

17), increasing the number of capillaries. Additionally, using different illumination or acquisition 

methods could also decrease the number of hidden capillaries. Additionally, the uses of other types 

of technologies more commonly used such as mobile phones or cameras integrated in devices 

could be explored in order to bright this technology to the market and simplify the way that the 

current data has been collected (McKay et al. 2020).  
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Additionally, the extension of these studies would allow investigating whether specific WBC 

ranges can be identified beyond mere screening for severe neutropenia. This could broaden the 

applicability of our approach not only within the context of chemotherapy, but also to new settings, 

such as infectious diseases or leukocytosis. In addition, non-invasive differential counting may 

also be achieved. Besides opening new use cases, differential information could increase accuracy 

for neutrophil counting, as potential false-positive detections due to other cell subtypes would be 

avoided. Differential counts could be obtained based on techniques and data that are like the ones 

employed in this study because WBC subtypes are known to exhibit distinct optical properties and 

image features, e.g., non-granular and granular subtypes correspond to distinct gap lengths and 

backscattering properties in a capillary (Schmid-Schönbein, G. W., Usami et al. 1980; Wu, Cheng-

Ham et al. 2016). 

 

Also, flow-rate estimation could be exploited to improve our measurements and the accuracy of 

the current classification. Capillary blood flow could also be estimated algorithmically based on 

image-processing techniques (Chen, Sl et al. 2011; Wu, Chih-Chieh et al. 2009; Huang et al. 2010; 

Wu, Chih-Chieh et al. 2011).  

 

Another strategy for future work may be to rather exploit this tracking to calibrate our instrument, 

based on the count and/or reference blood-draw information obtained at the first time point for 

every patient, and produces more quantitative WBC assessment. In the context of our studies, 

where the goal was to identify severely neutropenic patients, we observed that eliminating 

capillaries associated with lower counts at baseline—perhaps due to limited flow or to some 

inhomogeneous WBC distribution in the capillary network in some cases (Schmid-Schönbein, G. 

W. et al. 1980)—further improved the separation and classification between baseline and severe 

neutropenia. 

 

Future work could also include the design and implementation of other deep learning and computer 

vision techniques that could exploit the spatio-temporal nature of the data and taking advantage of 

the rise of these methodologies to further improve accuracy or computational performance.
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