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Two-dimensional optical tomography of
hemodynamic changes in a preterm infant brain
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Our preliminary results on two-dimensional (2D) optical tomographic imaging of hemodynamic changes
in a preterm infant brain are reported. We use the established 16-channel time-correlated single photon
counting system for the detection and generalized pulse spectrum technique based algorithm for the image
reconstruction. The experiments demonstrate that diffuse optical tomography may be a potent means for
investigating brain functions and neural development of infant brains in the perinatal period.
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Diffuse optical tomography (DOT) is a non-invasive
imaging modality that can significantly improve the
quantitative performances of near-infrared (NIR) spec-
troscopy and extend its ability to localize hemodynamic
variations within tissue[1]. Because of the relatively low
absorption, thin skull, small dimension and relatively low
probability of movement, preterm infant brains are the
most suitable targets to be safely and continuously im-
aged with DOT. On the other hand, current unavailabil-
ity of a feasible means for non-invasively and quantita-
tively assessing regional cerebral perfusion and oxygena-
tion in infant brains has been motivating the desire to
apply optical technique for the purpose. For the past
ten years, the efforts to develop a NIR spectroscopic
imaging modality of neonate brains have been primarily
pioneered by the researchers of University College Lon-
don, where several experiments of three-dimensional (3D)
DOT have been conducted to demonstrate the poten-
tials of this technique in diagnosis of cerebral hypoxic-
ischemic injury and imaging of brain function in preterm
infants[2−4]. Nevertheless, due to the lack of “gold stan-
dard”, researchers in other groups are strongly encour-
aged to repeat the experimental procedures with similar
and/or different protocols to validate the effectiveness of
the technique and to identify the direction for the fur-
ther improvement in the methodology. In this paper, we
report our first results on tomographic imaging of hemo-
dynamic changes in a preterm infant brain induced by
alterations to ventilator settings. The experiments em-
ployed an established 16-channel time-correlated single
photon counting (TCSPC) system for the time-resolved
measurement[5] and a specific two-dimensional (2D) algo-
rithm based on the generalized pulse spectrum technique
(GPST) for the image reconstruction[6].

The system used in the experiment is a lab-assembled
16-channel time-resolved NIR optical imaging system,
which is essentially based on a TCSPC technique. Two
∼ 100-ps pulsed laser diodes (LDs) with a repetition rate
of 5 MHz and an average power of about 0.25 mW emit
NIR lights at wavelengths of 760 and 830 nm, respec-

tively. The lights are then differently delayed with an
interval of about 25 ns and jointly sent to the 16 source
fibers through a 1:16 optical switch. In such a way,
the times-of-flight of the re-emitted photons at the two
wavelengths can be measured simultaneously. The op-
todes adopt a coaxial structure for source and detection
fibers, where a single fiber of 400 μm in diameter at
the inner core is used for illumination and a bundle of
small fibers of 30 μm at the annulus for detection. Each
channel contains a custom-made optical attenuator be-
tween the detection fiber bundle and the photomultiplier
tube (PMT). The attenuation degrees of all the attenua-
tors need to be adjusted successively channel by channel
to give appropriate light intensities for all the PMTs to
work at a reasonable photon-counting rate, prior to the
measurement. The photons re-emitted from the object
surface are collected simultaneously by all the detection
fiber bundles and then temporarily resolved by the 16
parallel TCSPC units with electronic resolution of about
15 ps, for each of the 16 alternatively illuminating source-
pairs of the two wavelengths and for a given integration
time. As a result, a set of 256 histograms of the photon
flight times that are proportional to the realistic tempo-
ral point spread functions (TPSFs) is accumulated and,
furthermore, analyzed for the image reconstruction.

The image reconstruction process in the experiment is
based on the GPST nonlinear scheme, by which we mean
Laplace-transforming the time-dependent signals into a
real frequency domain and inverting the real frequency
domain components. Physically, the Laplace transform
using a positive or negative real frequency can be inter-
preted as exponential time weighting that favors “early-
time” and “late-time” features of the time-resolved re-
emissions. With such a way, it is possible to achieve an
optimum signal-to-noise ratio (SNR) through selectively
amplifying the rear parts of the curves that mostly char-
acterize the inner heterogeneous variations while main-
taining an acceptable noise level. The main framework of
the diffusion-GPST algorithm is the linearization of the
original nonlinear inverse problem by a Newton-Raphson
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scheme, forming an outer loop of an iterative procedure,

Γm − F (µk) = J (µk) δµk, µk+1 = µk + δµk, (1)

where Γm is a column vector numerating the Laplace-
transformed re-missions for all the source-detector
pairs and transforming frequencies, i.e. the measured
datatype; F is the forward operator associated with the
solution to the Lapalace-transformed photon diffusion
equation by using a Galerkin finite element method
(FEM); µk and δµk are the vectors denoting the absorp-
tion coefficient at the nodes of the FEM mesh and its
update, at the kth iteration; J is the Jacobian matrix of
F, which can be efficiently calculated using a perturba-
tion technique and needs to be updated at each stage[6].
Finally the resultant linear equation is weight-scaled and
solved using an algebraic reconstruction technique.

Informed parental consent was obtained to perform the
investigation on a 32-day-old female preterm infant with
gestational age of 32 weeks and a weight of 1065 g. As
part of the intensive care of an extremely low birth weight
infant of 998 g, she required mechanical ventilation. Fig-
ure 1 illustrates the 2D arrangement of the optodes in the
experiment, where two semi-circular plastic fiber-holders
of 90 mm in diameter, each holding 8 optodes with equal
spacing, are connected through 15-nm-thick rubber mats
to adapt to the head shape. An essential requirement for
the model-based image reconstruction is prior knowledge
of the spatial coordinates of all the sources and detec-
tors on the head. In our practice, the coordinates of the
optodes is calculated by simple geometrical arithmetic,
according to the lengths of the optode segments pene-
trating into the holder that are measured immediately
after the experiment. A spline interpolation procedure is
applied to the optode coordinates to obtain the refined
description of the head boundary, from which a dis-
cretizing mesh of the imaging plane, consisting of 2780
triangular elements and 1519 nodes, is constructed for
the later FEM forward and inverse calculations, as shown
in Fig. 2.

Following a period of 12 min after attaching the fiber-
holder to the infant, a set of data was acquired using
an acquisition time of 5 s per illuminating source. The
ventilation settings during this first baseline (rest-state)
measurement corresponded to a partial pressure of oxy-
gen of PO2 ≈ 96 mmHg and a partial pressure of carbon
diode of PCO2 = 32 − 36 mmHg. Thereafter a task-state
measurement was done for the same acquisition time
and attenuation setting as those of the rest-state, as PO2

was increased to around 100 mmHg and PCO2 decreased

Fig. 1. Arrangement of optodes in the experiment.

Fig. 2. FEM mesh from the spline-interpolated boundary.

Fig. 3. TPSFs at the two wavelengths measured by the 16
detectors for the first source, (a) at 760 nm and (b) at 830
nm. The thick lines are for the task state and light lines for
the rest state.

below 29 mmHg by increasing the respiration rate from
170 to 180 min−1. Figure 3 shows the TPSFs measured
by the 16 detection channels for the first source in the
experiment, and Fig. 4 depicts the ventilation settings
during the series of tomographic scans. The whole TPSF
set was analyzed to exclude the data with low SNR, par-
ticularly those measured across the largest diameter of
about 90 mm, from the reconstruction process.

In this study we aim at imaging the hemodynamic
changes in the infant brain in response to the alterations
of the ventilation settings. For this purpose a so-called
difference imaging scheme can be employed, which re-
constructs the images at the two wavelengths from the
differences or ratios in the data-types resulting from the
measurements before and after the alterations to the ven-
tilation settings. With regard to the GPST algorithm
aforementioned, the measured data-type to be fitted is
constructed as

Γm = (Γtask/Γrest)Γ(µ0), (2)

where Γrest and Γtask are the Laplace-transformed
re-emissions measured at the rest and task states,
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Fig. 4. Experimental conditions during tomographical scan.
(a) PO2 ; (b) PCO2 .

Fig. 5. Reconstructed images of hemodynamic changes. (a)
[ΔHbO2]; (b) [ΔHbR]; (c) [ΔHbT]; and (d) ΔSO2 .

respectively; Γ(µ0) is the model prediction accord-
ing to the initial settings of the normal hemodynamic
state in neonatal brains: a total hemoglobin concen-
tration of [HbT] = 65 μmol/L, an oxygen saturation
of SO2 = 70%, and a reduced scattering coefficient of
μ′

s = 0.65 mm−1[7]. With such a difference imaging
scheme, not only the requirements for accurate positions
of the optodes and baseline optical parameters become
significantly less severe, but also the absolute measure-
ment of the Laplace-transformed re-emissions can be used
that is proved highly robust to the image reconstruc-
tion. Most importantly, it enables application of a 2D
algorithm to the realistic 3D situation since the ratio of
the task-state data-type to the rest-state one has been
shown to be approximately equal for 2D and 3D cases by
simulations[8].

The reconstructed images of the hemodynamic changes

in the neonatal brain at the imaging plane are exhibited
in Fig. 5. As expected, decreasing PCO2 caused lower
global absorption due to the decreased cerebral blood
volume — this effect can be seen as an evident decrease
in [HbT] in the central region of the brain. As a result
of the increased PO2 , a decrease in the deoxy-hemoglobin
concentration ([HbR]) and correspondingly an increase
in SO2 in right-rear region of the brain can be clearly ob-
served. Also, we observed a considerable increase in the
rear region of the imaging plane and an evident decrease
in the central region, in oxy-hemoglobin concentration
([HbO2]). The reasonable justification and explanation
for the observations need a further investigation through
a series of repetitive experiments. It is very important to
note that the significant changes (either positive or nega-
tive) in the boundary regions of all the images should be
ascribed to the artifacts during the reconstruction pro-
cess since it is less likely for hemodynamic changes to
occur in the skull and cerebrospinal fluid layers.

In summary, we have obtained our preliminary images
of hemodynamic changes in a preterm infant brain in re-
sponse to ventilation settings using our established 16-
channel TCSPC measuring system and specific image
reconstruction algorithm based on the GPST diffusion
model. The results reasonably agree to the physiologi-
cally expected global changes in blood volume and oxy-
genation, demonstrating time-resolved DOT as a promis-
ing way of monitoring neural development in the neonatal
brain. A series of repetitive experiments are required for
the full validation of the methodology.
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