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Abstract 

Over the past 15 years, functional near-infrared spectroscopy (fNIRS) has emerged as a 

powerful technology for studying the developing brain. Diffuse Optical Tomography (DOT) 

is an extension of fNIRS that combines hemodynamic information from dense optical sensor 

arrays over a wide field of view. Using image reconstruction techniques, DOT can provide 

images of the hemodynamic correlates to neural function that are comparable to those 

produced by functional MRI (fMRI). 

 

This review article explains the principles of DOT, and highlights the growing literature on 

the use of DOT in the study of healthy development of the infant brain, and the study of 

novel pathophysiology in infants with brain injury. Current challenges, particularly around 

instrumentation and image reconstruction, will be discussed as will the future of this growing 

field, with particular focus on whole-brain, time-resolved DOT. 
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Introduction 

The field of medical physics and biomedical engineering has provided a range of novel 

neuroimaging techniques that have enabled scientists and clinicians to investigate the 

functional organization and architecture of the human brain in health and disease.  In recent 

years, functional near-infrared spectroscopy (fNIRS) has become an increasingly valuable 

tool.  As well as being non-invasive, relatively low-cost and easy to set up, it can be carried 

out in infants who are awake and do not need to be transported to specialized imaging 

facilities.  Diffuse optical tomography (DOT) is a natural extension of fNIRS, which 

combines multichannel data acquisition with image reconstruction software to provide 

images of changes in regional blood volume and oxygenation at high temporal and spatial 

resolution. This technology is increasingly being used by researchers and clinicians to study 

healthy brain development as well as pathophysiology in critically ill infants in intensive 

care.  Figure 1 summarizes the terminology and NIRS domains that will be described in this 

paper. 

 

The aim of this paper is to explain the principles of DOT and highlight studies using DOT in 

newborn infants.  We also summarize the current challenges of the technique and discuss the 

future of the field, with particular emphasis on technological developments and time-domain 

DOT techniques. 

 

Principles of Optical Imaging 

Near-Infrared Spectroscopy (NIRS) 

Near-infrared spectroscopy (NIRS) is a non-invasive tissue monitoring technique that 

exploits the relative transparency of biological tissue to near-infrared light (650-950nm) and 
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the wavelength dependent absorption characteristics of light absorbing compounds, or 

chromophores. In the brain, haemoglobin is the dominant chromophore, whose absorption 

varies with oxygenation, first described by Jöbsis in 1977 (1-3) (Figure 2a).  

 

However, the dominant interaction between near-infrared light and tissue is not absorption 

but scattering, such that the path travelled by a given photon will constitute a ‘random walk’: 

bouncing randomly from one scattering event to the next.  Near-infrared light therefore forms 

a diffuse field when entering tissue.  Assuming scattering remains constant, loss of light, or 

attenuation, will be due to changes in absorption by the main chromophores (light absorbing 

molecules).  The simplest form of NIRS measurement consists of two wavelengths of NIR 

light, coupled into tissue via an optical fiber positioned a few centimetres away to collect 

light and transmit it to a detector. This method has been used extensively to study cerebral 

oxygenation in the newborn infant (4, 5) (for a review see (6)). 

 

Functional Near-Infrared Spectroscopy (fNIRS) 

During cortical activation, neural excitation produces an increased metabolic demand that 

results in local changes in oxygen consumption, vasodilatation, increased blood flow and 

increased oxygenation.  This relationship, between neural activity and vasodilation, is known 

as neurovascular coupling.  In adults, a local increase in neural activity is typically 

characterized by an increase in oxyhemoglobin concentration and a decrease in 

deoxyhemoglobin concentration, due to the rapid influx of oxygenated blood (7, 8).  While 

the exact mechanisms of neurovascular coupling are still a matter of active investigation, the 

consistency of the functional hemodynamic response means that it provides an effective 

indirect measure of cortical function.  As NIRS is able to monitor changes in the 

concentration of oxy- and deoxy-hemoglobin, the technique can be used to measure the 

functional hemodynamic response to specific stimuli.  This technique is known as functional 
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NIRS or fNIRS.  The same physiological principles exploited by fNIRS underpin the blood 

oxygen level dependent (BOLD) signal, which is used in functional MRI (fMRI).  However, 

while the BOLD signal is predominantly sensitive to the concentration of deoxyhemoglobin 

(9), fNIRS methods have the advantage of being able to monitor the concentrations of both 

oxy- and deoxy-hemoglobin independently, which significantly aids the physiological 

interpretation of fNIRS measurements.  

 

In infants, the maturity of neurovascular coupling is still in question, and studies have yielded 

adult-like responses (10-12), inverted (decreased oxyhaemoglobin and increased 

deoxyhaemoglobin) responses (13) or a mixture of the two (14, 15).  Although the nature of 

this response remains controversial (and is beyond the scope of this review), hemodynamic 

changes that are temporally correlated to the external stimulus can still provide an indication 

of neural activation, and the interpretation of response polarity should be carefully assessed 

depending on the nature of the subject or study. 

 

Early Application of fNIRS in Infants 

Early infant functional studies typically used a single source and detector providing one 

channel i.e. one measurement of the cortical changes in a primary area of interest (14, 16, 

17).  However, the majority of commercial fNIRS systems now employ numerous source and 

detector fibers into an array that provides multiple fNIRS channels facilitating the 

examination of extended cortical regions.  The most widely used multi-channel systems are 

continuous wave (CW) devices, which are relatively low cost and simple to set up (for review 

of CW systems see (18)).   
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Multi-channel CW systems measure light attenuation by continuous illumination of the head 

with multiple sources.  To distinguish which source gave rise to the light measured at any 

given detector, either time or frequency multiplexing methods must be used.  In time 

multiplexing, each source is illuminated in turn for a specific period of time, so that the origin 

of any detected light is always apparent.  In frequency multiplexing, all the sources are 

illuminated continuously, but with each source modulated at a distinct frequency.  CW 

systems typically allow a sampling rate from 5 to 100 Hz, providing accurate temporal 

information on cortical hemodynamic activity (19).   

 

Two-Dimensional Mapping and Optical Topography 

The simplest approach to obtaining images of spatial variation of brain activity using near-

infrared methods is to create a two-dimensional map of the responses obtained using multi-

channel CW fNIRS devices.  These two-dimensional representations can be generated by 

interpolating the signal measured by multiple fNIRS channels across the interrogated area 

(20, 21).  This approach is often referred to as optical topography. While this technique has 

helped accelerate our understanding of neurodevelopment and cognition in the infant brain, 

including language (22-25), vocal (26, 27), social (28) and face (29) perception (for more 

reviews (30-33)), the anatomical registration and spatial resolution of the resulting images is 

limited, and the quantitative accuracy of the images can be compromised (34).   It is 

important to note, however, that significant functional information can be obtained without 

absolute quantification; fMRI is rightly considered the gold-standard in functional 

neuroimaging, but in most common applications it remains purely qualitative (35). 

 

Diffuse Optical Tomography 
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Diffuse optical tomography (DOT) enables the production of three-dimensional images.  The  

term “diffuse” describes the path of near-infrared light when it enters tissue (as explained in 

the “Principles of Optical Imaging” section).  Unlike 2D topographic approaches, DOT 

exploits measurements from multiple overlapping channels, with a range of source-detector 

distances to obtain depth information.  A major advantage of this approach is the ability to 

separate hemodynamics occurring at different depths, and thus reduce the influence of blood 

oxygenation changes in extracerebral tissues such as the scalp or skull (see section titled 

“Physiological signal contamination”). 

 

The quality of DOT images is dependent on the number of channels that sample a given 

volume of tissue.  The total number of channels one can achieve is dependent on the size and 

weight of the optical fibers and the number of source and detectors available in a DOT 

system. While a sparse array can provide whole-head coverage (36), the resulting spatial 

resolution can be compromised. At present, commercial devices that can perform DOT 

(Figure 2c) provide 10-20 sources and 10-20 detectors, which allow imaging of sub-sections 

of the adult cortex, or the majority of the infant cortex.  Image resolution is a function of 

array density, such that dense arrays provide better spatial resolution (37).  However, no DOT 

system (commercially available or otherwise) has yet been demonstrated that can provide 

dense sampling (i.e. with a nearest-neighbor source detector  separation of < 15 mm) over the 

whole scalp of either the infant or the adult (38).    

 

DOT Image Reconstruction 

DOT image reconstruction is an example of an inverse problem, in which the goal is to 

determine internal features of an object using measurements of light transmitted between 

points on the surface. DOT image reconstruction is ill-posed and highly under-determined.  
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Ill-posed, meaning that many different internal configurations could equally explain the 

measurements made at the surface (i.e. there is not a unique solution) and highly 

underdetermined, meaning that the number of unknowns (i.e. voxels in our image) far 

exceeds the number of measurements made at the surface.  One approach to simplify this 

problem is to produce images of a difference between two points in time, rather than to 

attempt to create images of the absolute optical properties of the brain.  By assuming the 

changes that have occurred between these two time points are small relative to the 

background optical characteristics of the tissue, the DOT reconstruction problem can be 

linearized, significantly simplifying the mathematical challenge (39).  A schematic of DOT 

image reconstruction is shown in Figure 3 and for a more complete summary see (39-41). 

 

 

Application of DOT in the Newborn Brain 

The earliest infant DOT images were reconstructed in the late 1990s.  For example, 

hemodynamic changes over the sensorimotor regions were demonstrated in the premature 

infant cortex by Chance et al. (42) using a system consisting of nine sources and four 

detectors.  Hintz et al. (13) reconstructed functional images of passive arm movements over 

the motor cortex in preterm infants using an array with 9 sources and 16 detectors providing 

144 independent measurements or channels.   

 

More recently the neonatal application of DOT become more widespread.  In a study of 

healthy newborn infants, Liao et al. used a CW high-density DOT system to image functional 

activation of the primary visual cortex (43).  To counteract the effect of superficial 

haemodynamic signals from the extra-cerebral tissue, superficial signal regression between 

the first- and second-nearest source detector paired channels was carried out. Bilateral 
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increases in oxyhemoglobin concentration were apparent in response to visual stimuli in the 

reconstructed DOT images.  A direct comparison of the hemodynamic response in the DOT 

images was carried out with the conventionally recorded hemodynamic changes in the 

source-detector channels.  This demonstrated an increase in the signal-to-noise ratio of the 

DOT images by two-fold compared to the channel-wise data. 

 

Intrinsic brain activity at rest in the absence of a stimulus can also provide information on 

functional cerebral development.  This field, originally established using the BOLD signal in 

fMRI research, is known as resting state functional connectivity (RSFC) (44) and RSFC 

networks characterized by bilateral cortical connectivity have been described in the term and 

preterm infant (45-48). 

 

Focusing on the visual cortex, White et al. produced the first DOT images of bilateral 

occipital connectivity at rest in preterm and full-term born infants (49).  An array consisting 

of 18 sources and 16 detectors was placed over the occipital cortex to record resting-state 

brain activity for up to 20 minutes.  To identify connectivity, two standard approaches: seed-

based analysis and independent component analysis (ICA) were carried out on the DOT 

images.  Visual networks with bilateral connectivity between both cerebral hemispheres in 

the visual cortex were identified in the full-term and healthy preterm groups.  Interestingly, 

one preterm subject with a diagnosis of a left occipital infarct displayed unilateral 

connectivity only demonstrating the sensitivity of DOT to cerebral pathology. 

 

In a recent study, Ferradal et al. also identified bilateral cortical connectivity in the resting-

state in healthy full-term born infants using both fMRI and DOT imaging modalities in the 

same subjects for the first time (38).  DOT resting-state data were recorded for up to 60 
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minutes using a dense array of 32 sources and 34 detectors over the temporal and occipital 

cortices. MRI scans were performed within a day following DOT scanning and subject-

specific structural MRI head models of light propagation were used.  Using seed-based 

analysis and ICA, the DOT images revealed bilateral connectivity in the visual, middle 

temporal and primary auditory networks. Comparisons between the DOT and fMRI seed 

based maps confirmed strong qualitative and quantitative agreement (Figure 4).   

 

Application of DOT to Investigate Infant Pathology 

Perinatal hypoxic ischemic encephalopathy (HIE) is a major cause of mortality and 

neurodevelopmental disability in term infants (50) resulting from severe perinatal deficit in 

cerebral blood flow and oxygen delivery (51).  Subsequent brain injury is clinically 

characterized by seizure activity and abnormal neurological function, which may be 

associated with hemodynamic changes. DOT can offer valuable information on cerebral 

hemodynamics and oxygenation associated with brain injury, which are currently not 

available in the clinical setting.  In a simultaneous EEG and DOT study of neurologically 

compromised infants, large transient hemodynamic events were identified in a small group of 

newborn infants diagnosed with clinical symptoms of seizures (52).  Hemodynamic events 

were characterized by a slow increase in oxyhemoglobin followed by a rapid decrease before 

a slow return to baseline (Figure 5).   

 

In a case study using EEG and DOT, Singh et al. reported the first DOT images of 

hemodynamic responses to electrographic seizures in an infant with severe HIE (36).  A 

flexible head cap with 11 EEG electrodes, and 16 sources and 16 detectors was used to record 

60-minutes of data that contained 7 electrographic seizure events lasting 30 – 90 s.   Although 

there was spatial variation, the DOT images revealed an initial small increase in cortical 
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blood volume followed by a profound and extended decrease lasting several minutes (Figure 

6).   

 

In the absence of electrographic seizures, HIE infants may experience electrographic burst 

suppression which is associated with poor neurodevelopmental prognosis (53).  These 

patterns present as low-voltage electrical activity alternating with sharp high-voltage bursts 

that occur globally or in focal cortical regions (54).  Neuroimaging strategies with improved 

spatial specificity compared to EEG can provide close monitoring of this pathological state.  

Using the same flexible DOT-EEG cap array (36), Chalia et al. identified hemodynamic 

responses relating to electrographic burst events of 4-6 s, in 6 infants with HIE (55).  The 

DOT images demonstrated a decrease in oxyhemoglobin prior to, or during burst activity, 

followed by a large increase and a return to baseline with an undershoot.  Patient-specific 

spatial patterns that were not apparent in the EEG were observed in the DOT images 

signifying the complex morphology of burst suppression. 

 

 

Time-domain DOT 

In addition to CW devices which measure only the changes in intensity of the detected light, 

and are thus unable to separate the effects of absorption and scatter or provide absolute 

quantification of tissue parameters, researchers have developed what are known as time-

resolved or time-domain DOT devices (TD-DOT).  TD devices operate by injecting very 

short pulses of light (picoseconds) in to tissue and measuring the time-of-flight of individual 

photons using highly sensitive, photon-counting detectors (for review of TD methods, see 

(56)). By building up a histogram of photon flight-times, TD-DOT provides a rich data set 

that contains information related to both the absorption and scattering properties of the 
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underlying tissue. As a result, TD-DOT requires fewer assumptions to be made than CW 

methods, and it is possible to obtain absolute measurements of oxy- and deoxy-hemoglobin 

concentrations.  

 

Because TD-DOT employs sensitive photon-counting detectors, it is also possible to make 

measurements over much larger source-detector distances including across the whole 

newborn infant head, allowing the creation of DOT images of the entire volume of the infant 

brain.  Early images reconstructed using this technique were able to identify intracranial 

hemorrhages in preterm infants (57-59) (for an example see Figure 7).  Compared with 

established imaging techniques such as ultrasound, blinded comparisons of DOT images in 

infants of varying gestation were interpreted as correct in six out of eight cases using TD-

DOT (60). Hemodynamic changes induced by adjusting mechanical ventilator settings in a 

full-term infant with HIE (61) have also been imaged across the whole brain, as have 

functional hemodynamic changes in the somato-motor cortex during passive arm movement 

in healthy preterm infants (62). 

 

Continuing Challenges of DOT 

Recent advances in DOT have allowed the technique to become an effective method for the 

investigation of both healthy and pathological neurodevelopment. However, as with all 

emerging technologies, a number of significant challenges still remain. 

 

Head-gear Array Design 

Due to the physical size and weight of optical fibers, and the number of optodes available in a 

DOT system, the maximum number that can be used is currently limited, particularly for 

small infants.  As a result, investigators employing DOT must still choose between a sparse 
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whole-head array (36) or a high-density localized array (38).  The ability to flexibly design an 

array to suit a given experiment can be extremely beneficial, but the lack of a single ‘catch-

all’ array solution does make it harder to perform quantitative cross-study comparisons and 

also hinders the standardization and automation of data processing methods.   

 

Movement Artifacts 

Movement can be a significant problem in DOT studies, particularly in awake infants.  

Relative motion between the optical fibre and the scalp of the subject will affect optical 

coupling, which will often cause large variations in the measured optical intensity.  Typically, 

the impact of movement on DOT data is to invoke transient, high-amplitude spikes in 

intensity, which immediately subside when the movement ends.  Because these artifacts are 

temporary, periods of good-quality data DOT can usually be extracted, even in studies of 

awake infants.   Unlike with fMRI, it is therefore rare that a whole DOT data set will have to 

be discarded due to movement artifacts.   There are three broad strategies that can be 

employed to address the problem of motion in DOT. The first is to prevent motion artifacts 

from occurring at all; by encouraging the infant to sleep, for example by feeding and 

swaddling the infant; by ensuring that there are appropriate stimuli to engage an awake 

infant; and to construct the optode array headgear to optimize the coupling of the optodes to 

the head. The second is to exclude data that is deemed (by visual inspection or via the use of 

an accelerometer or video recording) to be contaminated by motion artifact and the third is to 

use post-processing methods to clean the data to remove the effects of motion (63).  In 

practice, most DOT studies employ all three of these approaches, while NIRS and DOT 

motion artifact filtering methodologies continue to advance (64, 65).    

 

Physiological signal contamination 
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One technical limitation common to all forms of NIRS and DOT is contamination of the 

measured signal by non-neuronal sources.  These include systemic hemodynamic changes in 

both the brain and the superficial layers of the head including the skin caused by the cardiac 

cycle, blood pressure and respiration.  Because of the ability of DOT to obtain 3D 

information, DOT image reconstruction can inherently separate the scalp and brain layers.  

Simple approaches employed in NIRS can also be used for DOT, including low-pass filtering 

of the signal and block averaging to extract the signal that is temporally correlated to an 

external functional stimulus (18).  More recent multivariate techniques, such as superficial 

signal regression (66-68), which uses short source-detector channels to measure scalp signal, 

and independent component analysis (ICA) (69, 70) or principal component analysis (PCA) 

(71-73), have been developed to isolate cerebral signals.   

 

Structural Priors 

A major advantage of DOT in comparison to fMRI is its portability. However accurate DOT 

image reconstruction requires high-quality structural models of the subject’s head to act as a 

prior for image reconstruction.  Significant efforts have therefore been made to optimize an 

age-matched 4D neonatal head model (74) using MRI head atlases as an alternative to 

subject-specific data (36, 49, 55).  An advantage of using a standard atlas is that it facilitates 

group comparisons across subjects, as it defines a common coordinate space (75) although 

this reduces the spatial specificity of the DOT images (76).  Careful application of the optode 

array, and measurement of its position relative to certain cranial landmarks using a 3D 

digitizer can minimize the errors associated with registration and positioning and yield high-

quality, anatomically registered DOT images. 

 

Statistical Analysis  

Page 14 of 71

https://mc04.manuscriptcentral.com/prjournal

Pediatric Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review
 O

nly

15 

As an emerging field, there is as yet no gold-standard approach for determining statistical 

significance or inference from DOT images (for general review see (77)).  To extract the 

functional response to certain stimuli, event related designs have used a general linear model 

(GLM) approach to model the hemodynamic changes as a linear combination of independent 

variables (78).  Similar to fMRI analysis, statistical parametric mapping (SPM) tools that use 

a GLM approach have also been developed and implemented for the statistical analysis of 

topographic (79) and tomographic images (80).   However, there remain some concerns 

regarding the application of fMRI data processing methodologies to DOT because of the 

fundamentally different noise characteristics of the two data-types (81).  A major bottle-neck 

in achieving a standardized (or even automated) DOT image reconstruction and processing 

pipeline is the lack of a ‘catch-all’ high-density, whole-scalp imaging array.   

 

 

Future Directions 

One of the major confounding limitations of DOT methods remains the necessity of using 

large numbers of optical fibers.  However, technology is rapidly developing that will allow 

DOT imaging without the use of optical fibres.  Lightweight electronics can be worn by a 

subject with fewer cables in recent ‘wearable’ fNIRS systems enabling researchers to study 

mobile adult subjects (19, 82, 83).  Chitnis et al. (82) published the first functional images of 

the human brain obtained with a fibreless, high-density DOT system.  Though designed for 

adults, this technology will likely be adapted for studies of the infant brain.  By dispensing 

with the optical fibers, it may soon be possible to produce a wearable, high-density, whole-

scalp DOT system that will provide high-quality functional images of the infant brain 

continuously at the bedside.   
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This has significant implications for both developmental neuroscience and clinical practice.  

For example, this would allow continuous monitoring of resting state cortical connectivity in 

premature infants as a measurement of cognitive development or the detection of 

pathological cortical regions such as in stroke.  

 

While these wearable technologies are impressive, they are still CW devices, and thus 

provide limited quantitation. Historically, TD systems have been large and extremely 

expensive because of the complex electronics required for photon-counting. The advent of 

low-cost, solid-state single photon avalanche detectors (SPADs), which are now being 

developed for a range of novel time-of-flight technologies, will allow the issues of size and 

cost to be minimized in future generations of instruments (56). It is now reasonable to predict 

that fibreless TD-DOT technologies that provide quantitative, depth-sensitive, 3D images of 

the whole infant brain with a resolution of ~5 mm will be available within the next decade.   

 

Conclusions 

From the early measurements of cerebral oxygenation in newborns, to the more complex 

images of functional brain activity in recent years, DOT is rapidly emerging as an important 

tool for clinicians and neuroscientists to investigate the newborn brain.  As the field has 

grown, so too has the expectation of the technology, and new challenges have arisen as we 

continue to push the boundaries of DOT.  Wearable technologies are now emerging, which 

have the potential to allow continuous imaging of infant brain function at the cot-side within 

the next few years.   Innovations in TD-DOT technology imply that clinical TD-DOT 

systems are now on the horizon.  As the technology advances, we must ensure that DOT is 

given the opportunity to become a clinically useful methodology; one that will provide 
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clinicians with continuous measures of cerebral oxygenation, brain function and 

neurodevelopment that will complement neonatal intensive care. 
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2014;100:385-94. 

 

Figure 3f: Brigadoi S, Aljabar P, Kuklisova-Murgasova M, Arridge SR, Cooper RJ. A 4D 

neonatal head model for diffuse optical imaging of pre-term to term infants. Neuroimage 

2014;100:385-94. 

 

Figure 4: Ferradal SL, Liao SM, Eggebrecht AT, et al. Functional Imaging of the Developing 

Brain at the Bedside Using Diffuse Optical Tomography. Cereb Cortex 2016;26:1558-68. 
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Figure 5: Cooper RJ, Hebden JC, O'Reilly H, et al. Transient haemodynamic events in 

neurologically compromised infants: a simultaneous EEG and diffuse optical imaging study. 

Neuroimage 2011;55:1610-6. 

 

Figure 6: Singh H, Cooper RJ, Wai Lee C, et al. Mapping cortical haemodynamics during 

neonatal seizures using diffuse optical tomography: A case study. Neuroimage Clin 

2014;5:256-65. 

 

Figure 7b: Austin T, Gibson AP, Branco G, et al. Three dimensional optical imaging of blood 

volume and oxygenation in the neonatal brain. Neuroimage 2006;31:1426-33. 

 

Figure 7c: Austin T, Gibson AP, Branco G, et al. Three dimensional optical imaging of blood 

volume and oxygenation in the neonatal brain. Neuroimage 2006;31:1426-33. 
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Figure Legends 

Figure 1 

A decision tree that provides a definition of the different forms of diffuse optical 

monitoring.  While nomenclature varies across the field, these are the definitions preferred by 

the authors. 

 

Figure 2 

(a) The absorption properties of oxy- (red line), deoxyhemoglobin (green line) and water 

(blue line) in biological tissue. In the optical window (shaded in blue) between 700 and 900 

nm, light is relatively transparent as the absorption by water molecules is relatively low 

compared to oxy- and deoxyhemoglobin. 

(b) The path of near-infrared light from an optical source follows a banana-shape as it travels 

in cerebral tissue before the transmitted light is measured at the detector. 

(c) The UCL Optical Imaging System (Gowerlabs, London). This is a continuous wave 

device that samples at 10Hz and provides 16 optical sources and 16 detectors. 

(d) An example of headgear design used in infant studies of whole-head diffuse optical 

tomography. 

 

Figure 3 

Diffuse Optical Tomography Image Reconstruction 

(a) A photo of the headgear used in infant whole-head diffuse optical tomography scanning. 

(b) A schematic of the locations of sources (red dots) and detectors (blue dots) of the 

headgear in (a). The black lines represent source-detector channels. 

(c) During scanning, raw light intensity data is converted to changes in optical density and 

these are assigned to the location of the source-detector channels of the headgear array. 
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(d) An anatomical MRI is required to provide structural information for image reconstruction. 

This can either be the infant’s own MRI or an age-matched atlas may be used. 

(e) The anatomical MRI image is segmented to identify the different tissue types (such as 

scalp, cerebrospinal fluid, gray matter, white matter) as these will have different optical 

properties. 

(f) A mathematical model of how light will travel through brain tissue is derived.  This will 

define how light intensity measured at a detector will change given localized changes in oxy- 

and deoxyhemoglobin. 

(g) A sensitivity matrix describing how the changes in light intensity at each channel location 

(from b) relates to the changes in oxy- and deoxyhemoglobin concentration (the final desired 

image) can be calculated using the model of light propagation in tissue from (f). 

(h) The desired image is reconstructed by combining the properties of the sensitivity matrix 

(g) with the channel data (c). 

 

Figure 4 

Resting state functional connectivity maps from a single healthy term infant. The first column 

indicates the regions of interest selected for seed-based analysis of the visual (vis), middle 

temporal (MT) and primary auditory (A1) networks. The second column displays the 

correlation maps (i.e. networks) for each region of interest from functional connectivity 

diffuse optical tomography (fcDOT).  The oxyhemoglobin signal (∆HbO2) from DOT is 

overlaid on the subject-specific anatomical MRI image. The third column displays the 

correlation maps for each region of interest using the blood oxygen level dependent (BOLD) 

signal in fMRI.  

 

Figure 5 
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DOT images reconstructed from a neurologically compromised infant for a single 

hemodynamic event.  The series of images are reconstructed at a depth of 9-12 mm from the 

left lateral surface at 95 s preceding, to 95 s after the event.  Red indicates an increase, and 

blue a decrease in the concentration of oxyhemoglobin.   

 

Figure 6 

DOT images reconstructed in an infant with severe hypoxic ischemic encephalopathy.  The 

upper graph illustrates the oxy- (HbO, red line), deoxy- (HbR, blue line) and total 

hemoglobin (HbT, green line) changes for a seizure event identified by 

electroencephalography (EEG), which was recorded simultaneously.  The numbered images 

below represent the cortical changes in 3 different views (dorsal, left and right lateral) seen 

during the different time points of the seizure event as depicted in the graph.  Red indicates 

an increase, and blue a decrease in the total hemoglobin (HbT) concentration in the DOT 

images. 

 

Figure 7 

(a) A photo of the UCL time-domain DOT system (MONSTIR II) in the Rosie Hospital, 

Cambridge, UK. 

(b) A cranial ultrasound of a preterm infant revealing a left sided intraventricular hemorrhage 

and hemorrhagic parenchymal infarct. 

(c) A 3D-DOT image taken at a coronal section of the same preterm infant showing regional 

blood volume (left) and oxygen saturation (right).  There is an increase in hemoglobin 

concentration and decrease in oxygen saturation in the area corresponding to the hemorrhage 

and infarct. 
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Abstract 

Over the past 15 years, functional near-infrared spectroscopy (fNIRS) has emerged as a 

powerful technology for studying the developing brain. Diffuse Optical Tomography (DOT) 

is an extension of fNIRS that combines hemodynamic information from dense optical sensor 

arrays over a wide field of view. Using image reconstruction techniques, DOT can provide 

images of the hemodynamic correlates to neural function that are comparable to those 

produced by functional MRI (fMRI). 

 

This review article explains the principles of DOT, and provides an overview ofhighlights the 

growing literature on the use of DOT in the study of healthy development of the infant brain, 

and the study of novel pathophysiology in infants with brain injury. Current challenges, 

particularly around instrumentation and image reconstruction, will be discussed as will the 

future of this growing field, with particular focus on whole-brain, time-resolved DOT. 
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Introduction 

The field of medical physics and biomedical engineering has provided a range of novel 

neuroimaging techniques that have enabled scientists and clinicians to investigate the 

functional organization and architecture of the human brain in health and disease.  In recent 

years, functional near-infrared spectroscopy (fNIRS) has become an increasingly valuable 

tool.  As well as being non-invasive, relatively low-cost and easy to set up, it can be carried 

out in infants who are awake and do not need to be transported to specialized imaging 

facilities.  Diffuse optical tomography (DOT) is a natural extension of fNIRS, which 

combines multichannel data acquisition with image reconstruction software to provide 

images of changes in regional blood volume and oxygenation at high temporal and spatial 

resolution. This technology is increasingly being used by researchers and clinicians to study 

healthy brain development as well as pathophysiology in critically ill infants in intensive 

care.  Figure 1 summarizes the terminology and NIRS domains that will be described in this 

paper. 

 

The aim of this paper is to explain the principles of DOT and provide an overview of existing 

literaturehighlight studies using DOT in newborn infants.  We also summarize the current 

challenges of the technique and discuss the future of the field, with particular emphasis on 

technological developments and time-domain DOT techniques. 

 

Principles of Optical Imaging 

Near-Infrared Spectroscopy (NIRS) 

Near-infrared spectroscopy (NIRS) is a non-invasive tissue monitoring technique that 

exploits the relative transparency of biological tissue to near-infrared light (650-950nm) and 
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the wavelength dependent absorption characteristics of light absorbing compounds, or 

chromophores. In the brain, haemoglobin is the dominant chromophore, whose absorption 

varies with oxygenation, first described by Jöbsis in 1977 (1-3) (Figure 2a).  

 

However, the dominant interaction between near-infrared light and tissue is not absorption 

but scattering, such that the path travelled by a given photon will constitute a ‘random walk’: 

bouncing randomly from one scattering event to the next.  Near-infrared light therefore forms 

a diffuse field when entering tissue.  Assuming scattering remains constant, loss of light, or 

attenuation, will be due to changes in absorption by the main chromophores (light absorbing 

molecules).  The simplest form of NIRS measurement consists of two wavelengths of NIR 

light, coupled into tissue via an optical fiber positioned a few centimetres away to collect 

light and transmit it to a detector. This method has been used extensively to study cerebral 

oxygenation in the newborn infant (4, 5) (for a review see (6)). 

 

Functional Near-Infrared Spectroscopy (fNIRS) 

During cortical activation, neural excitation produces an increased metabolic demand that 

results in local changes in oxygen consumption, vasodilatation, increased blood flow and 

increased oxygenation.  This relationship, between neural activity and vasodilation, is known 

as neurovascular coupling.  In adults, a local increase in neural activity is typically 

characterized by an increase in oxyhemoglobin concentration and a decrease in 

deoxyhemoglobin concentration, due to the rapid influx of oxygenated blood (7, 8).  While 

the exact mechanisms of neurovascular coupling are still a matter of active investigation, the 

consistency of the functional hemodynamic response means that it provides an effective 

indirect measure of cortical function.  As NIRS is able to monitor changes in the 

concentration of oxy- and deoxy-hemoglobin, the technique can be used to measure the 

functional hemodynamic response to specific stimuli.  This technique is known as functional 

Formatted: Font: Times New Roman,
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NIRS or fNIRS.  The same physiological principles exploited by fNIRS underpin the blood 

oxygen level dependent (BOLD) signal, which is used in functional MRI (fMRI).  However, 

while the BOLD signal is predominantly sensitive to the concentration of deoxyhemoglobin 

(9), fNIRS methods have the advantage of being able to monitor the concentrations of both 

oxy- and deoxy-hemoglobin independently, which significantly aids the physiological 

interpretation of fNIRS measurements.  

 

In infants, the maturity of neurovascular coupling is still in question, and studies have yielded 

adult-like responses (10-12), inverted (decreased oxyhaemoglobin and increased 

deoxyhaemoglobin) responses (13) or a mixture of the two (14, 15).  Although the nature of 

this response remains controversial (and is beyond the scope of this review), hemodynamic 

changes that are temporally correlated to the external stimulus can still provide an indication 

of neural activation, and the interpretation of response polarity should be carefully assessed 

depending on the nature of the subject or study. 

 

Early Application of fNIRS in Infants 

Early infant functional studies typically used a single source and detector providing one 

channel i.e. one measurement of to measure the cortical changes in a primary area of interest 

(14, 16, 17).  However, the majority of commercial fNIRS systems now employ numerous 

source and detector fibers into an array that provides multiple fNIRS channels facilitating the 

examination of extended cortical regions.  The most widely used multi-channel systems are 

continuous wave (CW) devices, which are relatively low cost and simple to set up (for review 

of CW systems see (18)).   
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Multi-channel CW systems measure light attenuation by continuous illumination of the head 

with multiple sources.  To distinguish which source gave rise to the light measured at any 

given detector, either time or frequency multiplexing methods must be used.  In time 

multiplexing, each source is illuminated in turn for a specific period of time, so that the origin 

of any detected light is always apparent.  In frequency multiplexing, all the sources are 

illuminated continuously, but with each source modulated at a distinct frequency.  CW 

systems typically allow a sampling rate from 5 to 100 Hz, providing accurate temporal 

information on cortical hemodynamic activity (19).   

 

Two-Dimensional Mapping and Optical Topography 

The simplest approach to obtaining images of spatial variation of brain activity using near-

infrared methods is to create a two-dimensional map of the responses obtained using multi-

channel CW fNIRS devices.  These two-dimensional representations can be generated by 

interpolating the signal measured by multiple fNIRS channels across the interrogated area 

(20, 21).  This approach is often referred to as optical topography. While this technique has 

helped accelerate our understanding of neurodevelopment and cognition in the infant brain, 

including language (22-25), vocal (26, 27), social (28) and face (29) perception (for more 

reviews (30-33)), the anatomical registration and spatial resolution of the resulting images is 

severely limited, and the quantitative accuracy of the images can be severely compromised 

(34).   It is important to note, however, that significant functional information can be obtained 

without absolute quantification; fMRI is rightly considered the gold-standard in functional 

neuroimaging, but in most common applications it remains purely qualitative (35). 

 

Diffuse Optical Tomography 
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Diffuse optical tomography (DOT) enables the production of three-dimensional images.  The  

term “diffuse” describes the path of near-infrared light when it enters tissue (as explained in 

the “Principles of Optical Imaging” section).  Unlike 2D topographic approaches, DOT 

exploits measurements from multiple overlapping channels, with varying a range of source-

detector distances to obtain depth information.  Therefore aA major advantage of this 

approach is the ability to separate hemodynamics occurring at different depths, and thus 

reduce the influence of blood oxygenation changes in extracerebral tissues such as the scalp 

or skull (see section titled “Physiological signal contamination”). 

 

The quality of DOT images is dependent on the number of channels that sample a given 

volume of tissue.  The total number of channels one can achieve is dependent on the size and 

weight of the optical fibers and the number of source and detectors available in a DOT 

system. While a sparse array can provide whole-head coverage (36), the resulting spatial 

resolution can be compromised. At present, commercial devices that can perform DOT 

(Figure 2c) provide 10-20 sources and 10-20 detectors, which allow imaging of sub-sections 

of the adult cortex, or the majority of the infant cortex.  Image resolution is a function of 

array density, such that dense arrays provide better spatial resolution (37).  However, no DOT 

system (commercially available or otherwise) system canhas yet been demonstrated provide 

that can provide dense sampling  (i.e. with a nearest-neighbor source detector  separation of < 

20 15 mm) over over the whole head scalp of either the infant or the adult (38).    

 

DOT Image Reconstruction 

DOT image reconstruction is an example of an inverse problem, in which the goal is to 

determine internal features of an object using measurements of light transmitted between 

points on the surface. DOT image reconstruction is ill-posed and highly under-determined.  
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Ill-posed, meaning that many different internal configurations could equally explain the 

measurements made at the surface (i.e. there is not a unique solution) and highly 

underdetermined, meaning that the number of unknowns (i.e. voxels in our image) far 

exceeds the number of measurements made at the surface.  One approach to simplify this 

problem is to produce images of a difference between two points in time, rather than to 

attempt to create images of the absolute optical properties of the brain.  By assuming the 

changes that have occurred between these two time points are small relative to the 

background optical characteristics of the tissue, the DOT reconstruction problem can be 

linearized, significantly simplifying the mathematical challenge (39).  A schematic of DOT 

image reconstruction is shown in Figure 3 and for a more complete summary see (39-41). 

 

 

Application of DOT in the Newborn Brain 

The earliest infant DOT images were reconstructed in the late 1990s.  For example, 

hemodynamic changes over the sensorimotor regions were demonstrated in the premature 

infant cortex by Chance et al. (42) using a system consisting of nine sources and four 

detectors.  The first application of DOT imaging in the newborn brain was demonstrated by 

Hintz et al. (13) reconstructed functional images of passive arm movements over the motor 

cortex in preterm infants using an array with 9 sources and 16 detectors providing 144 

independent measurements or channels. The array was placed over the motor cortex in 

preterm infants and functional images of passive arm movements were reconstructed, 

demonstrating an increase in blood volume over the activated region.   

 

Aside from this early pioneering study, only More recently has the neonatal application of 

DOT become more widespread.   
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In a study of healthy newborn infants, Liao et al. used a CW high-density DOT system to 

image functional activation of the primary visual cortex (43).  To counteract the effect of 

superficial haemodynamic signals from the extra-cerebral tissue, superficial signal regression 

between the first- and second-nearest source detector paired channels was carried out. 

Bilateral increases in oxyhemoglobin concentration were apparent in response to visual 

stimuli in the reconstructed DOT images.  A direct comparison of the hemodynamic response 

in the DOT images was carried out with the conventionally recorded hemodynamic changes 

in the source-detector channels.  This demonstrated an increase in the signal-to-noise ratio of 

the DOT images by two-fold compared to the channel-wise data. 

 

Intrinsic brain activity at rest in the absence of a stimulus can also provide information on 

functional cerebral development.  This field, originally established using the BOLD signal in 

fMRI research, is known as resting state functional connectivity (RSFC) (44) and RSFC 

networks characterized by bilateral cortical connectivity have been described in the term and 

preterm infant (45-48). 

 

Focusing on the visual cortex, White et al. produced the first DOT images of bilateral 

occipital connectivity at rest resting-state networks in preterm and full-term born infants (49).  

An array consisting of 18 sources and 16 detectors was placed over the occipital cortex to 

record resting-state brain activity for up to 20 minutes.  To identify functional connectivity in 

the resting-state, two standard approaches: seed-based analysis and independent component 

analysis (ICA) were carried out on the DOT images.  Visual networks with bilateral 

connectivity between both cerebral hemispheres in the visual cortex were identified in the 

full-term and healthy preterm groups.  Interestingly, one preterm subject with a diagnosis of a 
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left occipital infarct displayed unilateral connectivity only demonstrating the sensitivity of 

DOT to cerebral pathology. 

 

In a recent study, Ferradal et al. also identified resting-state networksbilateral cortical 

connectivity in the resting-state in healthy full-term born infants using both fMRI and DOT 

imaging modalities in the same subjects for the first time (38).  DOT resting-state data were 

recorded for up to 60 minutes using a dense array of 32 sources and 34 detectors over the 

temporal and occipital cortices. MRI scans were performed within a day following DOT 

scanning and subject-specific structural MRI head models of light propagation were used.  

Using seed-based analysis and ICA, the DOT RSFC mapsimages revealed bilateral 

connectivity in the visual, middle temporal and primary auditory networks. Comparisons 

between the DOT and fMRI seed based maps confirmed strong qualitative and quantitative 

agreement (Figure 4).   

 

Application of DOT to Investigate Infant Pathology 

Perinatal hypoxic ischemic encephalopathy (HIE) is a major cause of mortality and 

neurodevelopmental disability in term infants (50) resulting from severe perinatal deficit in 

cerebral blood flow and oxygen delivery (51).  Subsequent brain injury is clinically 

characterized by seizure activity and abnormal neurological function, which may be 

associated with hemodynamic changes. DOT can offer valuable information on cerebral 

hemodynamics and oxygenation associated with brain injury, which are currently not 

available in the clinical setting.  In a simultaneous EEG and DOT study of neurologically 

compromised infants, large transient hemodynamic events were identified in a small group of 

newborn infants diagnosed with clinical symptoms of seizures (52).  Hemodynamic events 
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were characterized by a slow increase in oxyhemoglobin followed by a rapid decrease before 

a slow return to baseline (Figure 5).   

 

In a case study using EEG and DOT, Singh et al. reported the first DOT images of 

hemodynamic responses to electrographic seizures in an infant with severe HIE (36).  A 

flexible head cap with 11 EEG electrodes, and 16 sources and 16 detectors was used to record 

60-minutes of data that contained 7 electrographic seizure events lasting 30 – 90 s.   Although 

there was spatial variation, the DOT images revealed an initial small increase in cortical 

blood volume followed by a profound and extended decrease lasting several minutes (Figure 

6).   

 

In the absence of electrographic seizures, HIE infants may experience electrographic burst 

suppression which is associated with poor neurodevelopmental prognosis (53).  These 

patterns present as low-voltage electrical activity alternating with sharp high-voltage bursts 

that occur globally or in focal cortical regions (54).  Neuroimaging strategies with improved 

spatial specificity compared to EEG can provide close monitoring of this pathological state.  

Using the same flexible DOT-EEG cap array (36), Chalia et al. identified hemodynamic 

responses relating to electrographic burst events of 4-6 s, in 6 infants with HIE (55).  The 

DOT images demonstrated a decrease in oxyhemoglobin prior to, or during burst activity, 

followed by a large increase and a return to baseline with an undershoot.  Patient-specific 

spatial patterns that were not apparent in the EEG were observed in the DOT images 

signifying the complex morphology of burst suppression. 

 

 

Time-domain DOT 
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In addition to CW devices which measure only the changes in intensity of the detected light, 

and are thus unable to separate the effects of absorption and scatter or provide absolute 

quantification of tissue parameters, researchers have developed what are known as time-

resolved or time-domain DOT devices (TD-DOT).  TD devices operate by injecting very 

short pulses of light (picoseconds) in to tissue and measuring the time-of-flight of individual 

photons using highly sensitive, photon-counting detectors (for review of TD methods, see 

(56)). By building up a histogram of photon flight-times, TD-DOT provides a rich data set 

that contains information related to both the absorption and scattering properties of the 

underlying tissue. As a result, TD-DOT requires fewer assumptions to be made than CW 

methods, and it is possible to obtain absolute measurements of oxy- and deoxy-hemoglobin 

concentrations.  

 

Because TD-DOT employs sensitive photon-counting detectors, it is also possible to make 

measurements over much larger source-detector distances including across the whole 

newborn infant head, allowing the creation of DOT images of the entire volume of the infant 

brain.  Early images reconstructed using this technique were able to identify intracranial 

hemorrhages in preterm infants The first whole-head TD-DOT images reconstructed for a 

preterm infant demonstrated clear hemodynamic inhomogeneities associated with a large 

unilateral intracranial hemorrhage(57-59) (for an example see Figure 7).  Compared with 

established imaging techniques such as ultrasound, blinded comparisons of DOT images in 

infants of varying gestation were interpreted as correct in six out of eight cases using TD-

DOT (60). Hemodynamic changes induced by adjusting mechanical ventilator settings in a 

full-term infant with HIE (61) have also been imaged across the whole brain using TD-DOT, 

as have functional hemodynamic changes in the somato-motor cortex during passive arm 

movement in healthy preterm infants (62). Formatted: Font: (Default) Times

Page 44 of 71

https://mc04.manuscriptcentral.com/prjournal

Pediatric Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review
 O

nly

13 

 

Continuing Challenges of DOT 

Recent advances in DOT have allowed the technique to become an effective method for the 

investigation of both healthy and pathological neurodevelopment. However, as with all 

emerging technologies, a number of significant challenges still remain. 

 

Head-gear Array Design 

Due to the physical size and weight of optical fibers, and the number of optodes available in a 

DOT system, the maximum number that can be used is always currently limited, particularly 

for small infants.  As a result, iInvestigators employing DOT must still choose between a 

sparse whole-head array (36) or a high-density localized array (38).  The ability to flexibly 

design an array to suit a given experiment can be extremely beneficial, but tThe lack of a 

single ‘catch-all’ array solution does makes DOT more challenging for users, makes it harder 

to perform quantitative cross-study comparisons and also hinders the standardization and 

automation of data processing methods.  continues to hold back the advance of DOT 

methodologies in both clinical and neuroscientific applications.   

 

Movement Artifacts 

Like infant studies, movement can be a significant problem in DOT.Movement can be a 

significant problem in DOT studies, particularly in awake infants.  Relative motion between 

the optical fibre and the scalp of the subject will affect optical coupling, which will often 

cause large variations in the measured optical intensity.  Typically, the impact of movement 

on DOT data is to invoke transient, high-amplitude spikes in intensity, which immediately 

subside when the movement ends.  Because these artifacts are temporary, periods of good-

quality data DOT can usually be extracted, even in studies of awake infants.   Unlike with 
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fMRI, it is therefore rare that a whole DOT data set will have to be discarded due to 

movement artifacts.    studies using DOT as well as using fMRI and EEG.  There are three 

broad strategies that can be employed to address the problem of motion in DOT. The first is 

to prevent motion artifacts from occurring at all; by encouraging the infant to sleep, for 

example by feeding and swaddling the infant; by ensuring that there are appropriate stimuli to 

engage an awake infant; and to construct the optode array headgear to optimize the coupling 

of the optodes to the head. The second is to exclude data that is deemed (by visual inspection 

or via the use of an accelerometer or video recording) to be contaminated by motion artifact 

and the third is to use post-processing methods to clean the data to remove the effects of 

motion (63).  In practice, most DOT studies employ all three of these approaches, while 

NIRS and DOT motion artifact filtering methodologies continue to advance (64, 65).   , but 

motion artifact remain a challenge, particularly in infantswith success and further research in 

this field can help enhance DOT images. 

 

Physiological signal contamination 

One technical limitation common to all forms of NIRS and DOT is contamination of the 

measured signal by non-neuronal sources.  These include systemic hemodynamic changes in 

both the brain and the superficial layers of the head including the skin caused by the cardiac 

cycle, blood pressure and respiration.  Because of the ability of DOT to obtain 3D 

information, DOT image reconstruction can inherently separate the scalp and brain layers.  

Simple approaches employed in NIRS can also be used for DOT, including low-pass filtering 

of the signal and block averaging to extract the signal that is temporally correlated to an 

external functional stimulus (18).  More recent multivariate techniques, such as superficial 

signal regression (66-68), which uses short source-detector channels to measure scalp signal, 

and independent component analysis (ICA) (69, 70) or principal component analysis (PCA) 
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{Zhang, 2010, Noninvasive functional and structural connectivity mapping of the human 

thalamocortical system;Franceschini, 2006, Diffuse optical imaging of the whole 

head;Franceschini, 2006 #113;Franceschini, 2006 #113}, (71-73), have been developed to 

isolate cerebral signals.   

 

Structural Priors 

A major advantage of DOT in comparison to fMRI is its portability. However accurate DOT 

image reconstruction requires high-quality structural models of the subject’s head to act as a 

prior for image reconstruction.  Significant efforts have therefore been made to optimize an 

age-matched 4D neonatal head model (74) using MRI head atlases as an alternative to 

subject-specific data (36, 49, 55).  An advantage of using a standard atlas is that it facilitates 

group comparisons across subjects, as it defines a common coordinate space (75) although 

this reduces the spatial specificity of the DOT images (76).  Careful application of the optode 

array, and measurement of its position relative to certain cranial landmarks using a 3D 

digitizer can minimize the errors associated with registration and positioning and yield high-

quality, anatomically registered DOT images..  

 

Statistical Analysis  

As an emerging field, there is as yet no gold- standard approach for determining statistical 

significance or inference from DOT images (for general review see (77)).  To extract the 

functional response to certain stimuli, event related designs have used a general linear model 

(GLM) approach to model the hemodynamic changes as a linear combination of independent 

variables (78).  Similar to fMRI analysis, statistical parametric mapping (SPM) tools that use 

a GLM approach have also been developed and implemented for the statistical analysis of 

topographic  maps(79)  and in DOT statistical analysistomographic images (80).   However, 
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there remain some concerns regarding the application of fMRI data processing methodologies 

to DOT because of the fundamentally different noise characteristics of the two data-types 

(81).    A major bottle-neck in achieving a standardized (or even automated) DOT image 

reconstruction and processing pipeline is the lack of a ‘catch-all’ high-density, whole-scalp 

imaging array.   

 

 

Future Directions 

One of the major confounding limitations of DOT methods remains the necessity of using 

large numbers of optical fibers.  However, technology is rapidly developing that will allow 

DOT imaging without the use of optical fibres.  Lightweight electronics can be worn by a 

subject with fewer cables in recent ‘wearable’ fNIRS systems enabling researchers to study 

mobile adult subjects (19, 82, 83).   This year Chitnis et al. (82) published the first functional 

images of the human brain obtained with a fibreless, high-density DOT system.  Though 

designed for adults, this technology will likely be adapted for studies of the infant brain.  By 

dispensing with the optical fibers, it may soon be possible to produce a werarable, high-

density, whole-scalp DOT system that will provideobtain high-quality functional images of 

the infant brain continuously at the bedside., which    

This has significant implications for both developmental neuroscience and clinical practice.  

For example, this would allow continuous monitoring of resting state cortical connectivity in 

premature infants as a measurement of cognitive development or the detection of 

pathological cortical regions such as in stroke.  

 

While these wearable technologies are impressive, they are still CW devices, and thus 

provide limited quantitation. Historically, TD systems have been large and extremely 
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expensive because of the complex electronics required for photon-counting. The advent of 

low-cost, solid-state single photon avalanche detectors (SPADs), which are now being 

developed for a range of novel time-of-flight technologies, will allow the issues of size and 

cost to be minimized in future generations of instruments (56). It is now reasonable to predict 

that fibreless TD-DOT technologies that provide quantitative, depth-sensitive, 3D images of 

the whole infant brain with a resolution of ~5 mm will be available within the next decade.   

 

Conclusions 

From the early measurements of cerebral oxygenation in newborns, to the more complex 

images of functional brain activity in recent years, DOT is rapidly emerging as an important 

tool for clinicians and neuroscientists to investigate the newborn brain.  As the field has 

grown, so too has the expectation of the technology, and new challenges have arisen as we 

continue to push the boundaries of DOT.  Wearable technologies are now emerging, which 

have the potential to allow continuous imaging of infant brain function at the cot-side within 

the next few years.   Innovations in TD-DOT technology imply that clinical TD-DOT 

systems are now on the horizon.  As the technology advances, we must ensure that DOT is 

given the opportunity to become a clinically useful methodology; one that will provide 

clinicians with continuous measures of cerebral oxygenation, brain function and 

neurodevelopment that will complement neonatal intensive care. 
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Figure Legends 

Figure 1 

A decision tree that provides a definition of the different forms of diffuse optical 

monitoring.  While nomenclature varies across the field, these are the definitions preferred by 

the authors. 

 

Figure 2 

(a) The absorption properties of oxy- (red line), deoxyhemoglobin (green line) and water 

(blue line) in biological tissue. In the optical window (shaded in blue) between 700 and 900 

nm, light is relatively transparent as the absorption by water molecules is relatively low 

compared to oxy- and deoxyhemoglobin. 

(b) The path of near-infrared light from an optical source follows a banana-shape as it travels 

in cerebral tissue before the transmitted light is measured at the detector. 

(c) The UCL Optical Imaging System (Gowerlabs, London). This is a continuous wave 

device that samples at 10Hz and provides 16 optical sources and 16 detectors. 

(d) An example of headgear design used in infant studies of whole-head diffuse optical 

tomography. 

 

Figure 3 

Diffuse Optical Tomography Image Reconstruction 

(a) A photo of the headgear used in infant whole-head diffuse optical tomography scanning. 

(b) A schematic of the locations of sources (red dots) and detectors (blue dots) of the 

headgear in (a). The black lines represent source-detector channels. 

(c) During scanning, raw light intensity data is converted to changes in optical density and 

these are assigned to the location of the source-detector channels of the headgear array. 
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(d) An anatomical MRI is required to provide structural information for image reconstruction. 

This can either be the infant’s own MRI or an age-matched atlas may be used. 

(e) The anatomical MRI image is segmented to identify the different tissue types (such as 

scalp, cerebrospinal fluid, gray matter, white matter) as these will have different optical 

properties. 

(f) A mathematical model of how light will travel through brain tissue is derived.  This will 

define how light intensity measured at a detector will change given localized changes in oxy- 

and deoxyhemoglobin. 

(g) A sensitivity matrix describing how the changes in light intensity at each channel location 

(from b) relates to the changes in oxy- and deoxyhemoglobin concentration (the final desired 

image) can be calculated using the model of light propagation in tissue from (f). 

(h) The desired image is reconstructed by combining the properties of the sensitivity matrix 

(g) with the channel data (c). 

 

Figure 4 

Resting state functional connectivity maps from a single healthy term infant. The first column 

indicates the regions of interest selected for seed-based analysis of the visual (vis), middle 

temporal (MT) and primary auditory (A1) networks. The second column displays the 

correlation maps (i.e. networks) for each region of interest from functional connectivity 

diffuse optical tomography (fcDOT).  The oxyhemoglobin signal (∆HbO2) from DOT is 

overlaid on the subject-specific anatomical MRI image. The third column displays the 

correlation maps for each region of interest using the blood oxygen level dependent (BOLD) 

signal in fMRI.  

 

Figure 5 
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DOT images reconstructed from a neurologically compromised infant for a single 

hemodynamic event.  The series of images are reconstructed at a depth of 9-12 mm from the 

left lateral surface at 95 s preceding, to 95 s after the event.  Red indicates an increase, and 

blue a decrease in the concentration of oxyhemoglobin.   

 

Figure 6 

DOT images reconstructed in an infant with severe hypoxic ischemic encephalopathy.  The 

upper graph illustrates the oxy- (HbO, red line), deoxy- (HbR, blue line) and total 

hemoglobin (HbT, green line) changes for a seizure event identified by 

electroencephalography (EEG), which was recorded simultaneously.  The numbered images 

below represent the cortical changes in 3 different views (dorsal, left and right lateral) seen 

during the different time points of the seizure event as depicted in the graph.  Red indicates 

an increase, and blue a decrease in the total hemoglobin (HbT) concentration in the DOT 

images. 

 

Figure 7 

(a) A photo of the UCL time-domain DOT system (MONSTIR II) in the Rosie Hospital, 

Cambridge, UK. 

(b) A cranial ultrasound of a preterm infant revealing a left sided intraventricular hemorrhage 

and hemorrhagic parenchymal infarct. 

(c) A 3D-DOT image taken at a coronal section of the same preterm infant showing regional 

blood volume (left) and oxygen saturation (right).  There is an increase in hemoglobin 

concentration and decrease in oxygen saturation in the area corresponding to the hemorrhage 

and infarct. 
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A decision tree that provides a definition of the different forms of diffuse optical monitoring.  While 
nomenclature varies across the field, these are the definitions preferred by the authors.  
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(a) The absorption properties of oxy- (red line), deoxyhemoglobin (green line) and water (blue line) in 
biological tissue. In the optical window (shaded in blue) between 700 and 900 nm, light is relatively 

transparent as the absorption by water molecules is relatively low compared to oxy- and deoxyhemoglobin.  
(b) The path of near-infrared light from an optical source follows a banana-shape as it travels in cerebral 

tissue before the transmitted light is measured at the detector.  
(c) The UCL Optical Imaging System (Gowerlabs, London). This is a continuous wave device that samples at 

10Hz and provides 16 optical sources and 16 detectors.  
(d) An example of headgear design used in infant studies of whole-head diffuse optical tomography.  
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Diffuse Optical Tomography Image Reconstruction: (a) A photo of the headgear used in infant whole-head 
diffuse optical tomography scanning. (b) A schematic of the locations of sources (red dots) and detectors 

(blue dots) of the headgear in (a). The black lines represent source-detector channels. (c) During scanning, 

raw light intensity data is converted to changes in optical density and these are assigned to the location of 
the source-detector channels of the headgear array. (d) An anatomical MRI is required to provide structural 
information for image reconstruction. This can either be the infant’s own MRI or an age-matched atlas may 
be used. (e) The anatomical MRI image is segmented to identify the different tissue types (such as scalp, 

cerebrospinal fluid, gray matter, white matter) as these will have different optical properties. (f) A 
mathematical model of how light will travel through brain tissue is derived.  This will define how light 

intensity measured at a detector will change given localized changes in oxy- and deoxyhemoglobin. (g) A 
sensitivity matrix describing how the changes in light intensity at each channel location (from b) relates to 
the changes in oxy- and deoxyhemoglobin concentration (the final desired image) can be calculated using 
the model of light propagation in tissue from (f). (h) The desired image is reconstructed by combining the 

properties of the sensitivity matrix (g) with the channel data (c).  
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Resting state functional connectivity maps from a single healthy term infant. The first column indicates the 
regions of interest selected for seed-based analysis of the visual (vis), middle temporal (MT) and primary 

auditory (A1) networks. The second column displays the correlation maps (i.e. networks) for each region of 

interest from functional connectivity diffuse optical tomography (fcDOT).  The oxyhemoglobin signal 
(∆HbO2) from DOT is overlaid on the subject-specific anatomical MRI image. The third column displays the 
correlation maps for each region of interest using the blood oxygen level dependent (BOLD) signal in fMRI.  
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DOT images reconstructed from a neurologically compromised infant for a single hemodynamic event.  The 
series of images are reconstructed at a depth of 9-12 mm from the left lateral surface at 95 s preceding, to 

95 s after the event.  Red indicates an increase, and blue a decrease in the concentration of 
oxyhemoglobin.    
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DOT images reconstructed in an infant with severe hypoxic ischemic encephalopathy.  The upper graph 
illustrates the oxy- (HbO, red line), deoxy- (HbR, blue line) and total hemoglobin (HbT, green line) changes 
for a seizure event identified by electroencephalography (EEG), which was recorded simultaneously.  The 

numbered images below represent the cortical changes in 3 different views (dorsal, left and right lateral) 
seen during the different time points of the seizure event as depicted in the graph.  Red indicates an 

increase, and blue a decrease in the total hemoglobin (HbT) concentration in the DOT images.  
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(a) A photo of the UCL time-domain DOT system (MONSTIR II) in the Rosie Hospital, Cambridge, UK.  (b) A 
cranial ultrasound of a preterm infant revealing a left sided intraventricular hemorrhage and hemorrhagic 
parenchymal infarct. (c) A 3D-DOT image taken at a coronal section of the same preterm infant showing 

regional blood volume (left) and oxygen saturation (right).  There is an increase in hemoglobin 
concentration and decrease in oxygen saturation in the area corresponding to the hemorrhage and infarct.  
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