
Spectral dependence of temporal point spread
functions in human tissues
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We have determined the spectral dependence of the temporal point spread functions of human tissues
experimentally between 740 and 840 nm in transmittance measurements on the adult head, forearm, and
calf (in vivo) and the infant head (post mortem) by using picosecond laser pulses and a streak camera
detector. Two parameters are extracted from the temporal point spread function; the differential
path-length factor (DPF), calculated from the mean time, and the slope of the logarithmic intensity
decay. In all tissues the DPF and the logarithmic slope show a reciprocal relationship and exhibit
characteristics of the absorption spectra of hemoglobin. The DPF falls with increasing wavelength, the
variation being typically 12%, while the logarithmic slope increases with wavelength. A quantitative
analysis of the logarithmic slope spectrum significantly underestimated expected tissue chromophore
concentrations. The absolute magnitudes of the DPF showed considerable intersubject variation, but
the variation with wavelength was consistent and thus may be used in the correction of tissue attenuation
spectra.
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1. Introduction
Near-infrared (NIR) spectroscopy is being used in-
creasingly for the determination of tissue oxygen-
ation and metabolism. In particular, quantitative
monitoring of the cerebral oxygenation of newborn
infants has been made possible both by the technical
development of dedicated spectrophotometers and by
new methods to determine the effective optical path
length that light takes through highly scattering
tissues.

The technical development of instruments for NIR
spectroscopy'- 3 was triggered by an experimental
observation of J6bsis,4 who showed that it was possi-
ble to relate changes observed in the attenuation of
NIR light (700-1000 nm) to variations in tissue
oxygenation. In this wavelength region tissue atten-
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uation is sufficiently low to enable optical measure-
ments to be made across several centimeters of tissue,
while the oxygen-dependent spectral changes of the
chromophores hemoglobin and cytochrome aa3 are
still observable. Instruments are now commercially
available that can measure these spectral changes at
the bedside (NIRO 1000/NIRO 500, Hamamatsu
Photonics K.K., Japan; INVOS 3100, Somanetics
Corporation, USA), the only attachment to the pa-
tient being small optical fibers (optodes). The multi-
ple scattering of light by tissues gives rise to an
unknown degree of light loss, and it is, therefore, not
possible to quantify the absolute concentration of
these chromophores from the measured tissue atten-
uation spectrum. However, it is possible to apply a
modified Beer-Lambert law to quantify changes in
chromophore concentration from the measured
changes in attenuation. This modified law uses the
differential path length (DP or ), which is defined as
the local gradient of the attenuation versus the
absorption coefficient relationship in the tissue.6 7

A number of experimental techniques have been
suggested to determine this differential path length.
For example, measurement of the tissue absorption
arising from the known concentration of water,89

monitoring of the phase shift of a frequency modu-
lated light source,'"'" or measurement of the direct
time of flight of picosecond light pulses traveling
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through tissue5 have all been shown to provide this
information. In this paper we discuss measure-
ments made by the latter technique and some of the
data that can be obtained from the temporal point
spread function (TPSF), which is defined as the
temporal response of an object to an input impulse
function in light intensity.

In previous studies the mean distance traveled
across the tissue by a picosecond light pulse has been
shown to be an excellent approximation to the differ-
ential path length. This distance, when divided by
the geometric distance between the optodes, gives a
dimensionless multiplying factor, the differential path-
length factor (DPF or B), which is approximately
constant for a given tissue and virtually independent
of optode spacing once this exceeds 25 mm.12"13
Experimentally measured values for the DPF at one
wavelength have been reported previously for the
adult forearm, calf, and head and for the head of the
preterm infant.' 3 "14

In this paper the question of the wavelength depen-
dence of the TPSF is addressed, since it is known both
from theoretical considerations and from experiment
that this is affected by the absorption and the scatter-
ing coefficients of the tissue.5 "15"6 Two parameters
are extracted from the TPSF, the mean time delay
between light entering and leaving the tissue at given
points (t) and the logarithmic slope of the intensity
decay K18. A wavelength-dependent TPSF has impli-
cations for the distortion of the absorption spectra of
hemoglobin and cytochrome aa3 when observed in
vivo and hence on the algorithm used to calculate the
concentrations of these chromophores from the mea-
sured changes in the tissue attenuation spectrum.
A theoretical analysis of this problem has been report-
ed,6 and when measured values for the optical proper-
ties of the adult rat brain were used, the wavelength
dependence of the differential optical path length was
predicted.7

In this study we report experimental measure-
ments of the TPSF between 740 and 840 nm in vivo
on the adult head, calf, and forearm and postmortem
on the head of newborn infants.

2. Experimental Method
A picosecond laser system together with a synchro-
scan streak camera (Hamamatsu Photonics, C1587)
was used to record the temporal response to a short
light pulse entering the tissue (Fig. 1). The laser
system consisted of a 12-W Ar-ion laser (Spectra
Physics, 2040) pumping a Ti:sapphire laser (Spectra
Physics, Tsunami), which was tunable between 740
and 840 nm. The auto-mode-locking behavior of the
Ti:sapphire crystal in this laser was supported by an
electro-optical feedback mechanism resulting in a
stable mode locking at 82 MHz and a full width at
half-maximum of a single pulse of 2 ps. The light
was coupled into a single low-dispersion fiber (Corn-
ing SDF, 125 [lm in diameter, 0.6 m in length) to
allow easy application of light to the tissue. Part of
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Fig. 1. Experimental system for the measurement of the TPSF in
tissue.

the laser output was sampled both as a time reference
and as a trigger for the streak camera. Light emerg-
ing from the tissue was collected with a fiber bundle
having a circular cross section (1.9 mm in diameter)
at the tissue end and a linear cross section at the
distal end, which matched the streak camera input
slit. The fiber bundle was assembled from 100 sin-
gle low-dispersion fibers (Corning SDF), each 1000
mm ( 1 mm) long to minimize transit time differ-
ences. The overall temporal resolution of the sys-
tem was 10 ps. The effects of color delays were
eliminated by the simultaneous recording of a tempo-
ral reference and the sample on the same streak
image.

A. Temporal Point Spread Function
A typical tissue response to the picosecond light pulse
is shown in Fig. 2. The data were collected at 760
nm from the head of an adult (with optode spacing of
40 mm). The TPSF was characterized by two param-
eters: the mean time (t) and the gradient of the
decay of the logarithmic intensity K18.
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Fig. 2. Typical temporal point spread function measured on the
head of an adult showing the mean time (t) and the calculation of
K18.
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B. Differential Path-Length Factor B
The mean transit time of the photons in the tissue is
defined as

an oversimplification since K18 also depends on p,, the
scattering coefficient of the tissue, and on the measure-
ment geometry.20-23

( t ) =t( 1 )

fI(t)dt

where I(t) is the intensity of the light recorded by the
streak camera as a function of time t. Since the
TPSF was measured over a finite temporal window
and the streak camera collected the light in discrete
channels, the integral in Eq. (1) is approximated by a
finite sum:

(t =

Tr 2kI(k)
k=1

1 (k)

Here T is the time calibration of the streak camera
(7 = 4.95 ps/channel) and n is the total number of
data channels (n = 512).

The differential path-length factor B is defined as
r3/d, where d is the physical distance between the
transmitting fiber and the center of the detecting
fiber bundle and 13 is the differential path length, but
in terms of time-of-ffight measurements it can be
approximated by

B e t ~~~~~~~(3)

where is the speed of light in vacuum and nt is the
refractive index of the tissue. (For all the measure-
ments described in this paper a value for n of 1.40
was assumed.'")

C. Logarithm Slope K,
The second parameter used to characterize the TPSF
is the gradient in a logarithmic plot of the intensity
decay with time (cm-'):

A log[I(t)] __n A log[I(t)] 4

where Al = At C/flt. As can be seen in Fig. 2, after
rising to an initial peak, the TPSF intensity falls
linearly with time in a logarithmic plot. The slope of
this decay was calculated from a linear regression
performed in a window defined by percentages of the
intensity maximum. This was 10% for the start of
the regression and 2% for the end. Several publica-
tions have suggested that this exponential decay can
be understood as a time-resolved Beer-Lambert law,
and thus K18 equals Pia, the absorption coefficient of
the tissue.' 8"19 However, to equate the two is clearly

3. Subjects and Experimental Procedure
In line with previous studies' 3 the TPSF has been
measured on the head, forearm, and calf of each of a
group of adult volunteers (male and female). The
subjects were between 18 and 55 (median 26) years of
age with no known muscular or circulatory disorders.
Details for each group are given in Section 4.
Typically a wavelength scan consisted of 13 separate
measurements made over a range of 740-840 nm and
took - 30 min. For measurements on the leg or arm
the subjects were seated comfortably and the limb
was placed in a U-shaped rest into which holes were
drilled that enabled both the transmitting and the
receiving fibers to be placed in contact with the skin
from below. The fibers were positioned over the
muscles either on the medial aspect of the forearm
away from any palpable bone or on the rear surface of
the calf muscle at the broadest part of the leg. The
optode spacing was - 40 mm for all the studies.
Care was taken that the blood supply to the tissues
was not obstructed while the limb lay in the appara-
tus by supporting the wrist or heel on an adjustable
rest. Background light was reduced by wrapping the
limb with a black cloth.

A slightly modified procedure was applied for the
measurements made on the head. First, an elasti-
cated strap was wrapped around the head, attached to
which, at 1-cm intervals, were small black plastic
blocks. The holes in these blocks permitted the
fibers to be placed in contact with the skin surface.
The strap was positioned on the right upper forehead
just below the hairline. The receiving fiber was then
positioned over the temple with the transmitting
fiber on the forehead- 40 mm away. To avoid
movements during measurements, the subject sat in
a reclining position in a chair that also supported the
head. After the TPSF measurements were com-
pleted, the fibers were removed and their position on
the skin was marked with a pen placed through the
holes in the plastic blocks. After removing the strap,
we measured the distance between the marks on the
skin by using callipers. The accuracy of this measure-
ment of the interoptode spacing was estimated to be
±2 mm.

The heads of two infants were studiedpost mortem.
Infant 1 was an unexpected stillbirth at 41 weeks of
gestation. There was no ultrasound evidence of
cerebral hemorrhage. The measurements were car-
ried out 62 h after delivery. Infant 2 was born at 27
weeks of gestation and died at 15 days. Ultrasound
examination showed bilateral hemorrhagic parenchy-
mal infarction. This infant was studied 34 h after
death. Both infants were kept at 40C between death
and examination.
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4. Results

A. Adult Head
Measurements were made on seven subjects [six
male, one female, 23-55 (median 28) years old].
Figure 3 shows the TPSF at several wavelengths as
measured on one subject. The change in both the
position and shape of the TPSF with wavelength can
be seen clearly. The results from the heads of all
subjects are shown in Fig. 4. In Fig. 4(a) the calcu-
lated value of the DPF as a function of wavelength is
shown. For all subjects there is a marked local
minimum at 760 nm, which coincides with an NIR
absorption peak of deoxygenated hemoglobin.8 In
contrast the corresponding values of K18 exhibit a
local maximum at 760 nm [Fig. 4(b)]. Both the DPF
and K display an extremely similar wavelength
dependence in all subjects, although there is a consid-
erable spread in the absolute magnitude. Note that
more frequent wavelength sampling was applied
around the 760-nm peak. Figure 5 summarizes the
results from the adult head obtained by averaging the
data from all the subjects. The original data for each
subject were linearly interpolated to 5-nm intervals;
then the values for the DPF's were normalized to
their values at 800 nm. The averages and standard
deviations of the normalized data were then calculated.
The average value of all DPF's at 800 nm ((B800)) was
6.32 ± 0.46.

The same procedure was applied to the K1, data, but
we rescaled the average values by multiplying with
the average value at 800 nm. The reference wave-
length of 800 nm was chosen for practical reasons
since it falls within the overlap region of the mirror
sets of the Tsunami laser. (Mirrors are now avail-
able for wavelength ranges of 720-840 and 780-900
nm.) Future measurements in the 780-900-nm re-
gion can thus be matched to the data described here.
The averaged data show more clearly the local maxi-
mum in K1, and the minimum in DPF at 760 nm.

B. Adult Forearm
Measurements were made on six subjects [four male,
two female, 24-55 (median 26) years old]. The aver-
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Fig. 4. Changes with wavelength (a) in the differential path-
length factor and (b) in K18 measured on the heads of all subjects.

age results for all subjects are shown in Fig. 6. The
same wavelength-dependent behavior of DPF and K 8
can be seen. But the overall magnitude of the DPF
is significantly lower compared with the head
((B800) = 4.48 0.41). Note that the values for K1,
are the highest observed in any of the adult tissues
studied.

C. Adult Calf
In a previous study a difference in the value of the
DPF between male and female subjects had been
observed.' 3 Measurements were, therefore, made
on six male [25-36 (median 26) years old] and six
female [18-32 (median 23) years old] subjects. The
data for the DPF and K1, for male and female calves
are plotted in Figs. 7(a) and 7(b). Again there is a
considerable variation in both with wavelength.
However, in contrast with the earlier study there was
no significant difference in the results between the
male and female calf, the value for (B800) being 5.84 ±
0.65 in male and 5.63 ± 0.62 in female subjects.

D. Infant Head
Figure 8 shows the values of DPF and Kl8 for the
heads of the two infants studied post mortem. As
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Fig. 3. Temporal point spread functions measured at several
wavelengths on the head of one subject (optode spacing 40 mm).
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Fig. 5. Changes with wavelength of the normalized DPF and K 8
in the adult head. Data are the average for all subjects ± 1
standard deviation.
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expected both the local minimum in the DPF and the
local maximum in K1, at 760 nm are larger than in the
data from the normoxic adult brain. The magni-
tude of the DPF is considerably less in the infant head
than in the adult, a result that has been observed in
previous studies. 13"14
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(a) in the male and (b) in the female adult calf. Data are the
average for all subjects ± 1 standard deviation.
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measured on the head of two infants post mortem.

5. Discussion

The wavelength dependence of the DPF and K1, in the
normoxic adult head, calf, and forearm all show
similar characteristics. When normalized to its value
at 800 nm, the DPF shows a small dip of 3-5% at 760
nm, which is caused by the presence of deoxyhemoglo-
bin. The effect of this absorption peak is also seen as
a corresponding increase in K1s at 760 nm. These
effects are more pronounced in the data from the
postmortem infants, where presumably all the blood
in the head is deoxygenated. It is not surprising to
find that the wavelength dependence of the DPF and
K18 are approximately mirror images of each other as
an increase in P'a has been shown both theoretically
and experimentally to reduce the DPF.16

The other wavelength-dependent feature of the
DPF, observed on all tissues, is a gradual decrease
with increasing wavelength. The variation is ±6%
over a range of 100 nm. The reasons for this are
twofold. First, in normoxic tissues the percentage of
oxygenated hemoglobin and myoglobin will exceed
that of the deoxygenated compounds. Beyond 800
nm the absorption coefficient of the oxygenated chro-
mophores increases with wavelength. 8 This, to-
gether with the increase in water absorption with
wavelength, will lead to the DPF falling with increas-
ing wavelength. Second, experimental measure-
ments of the scattering properties of tissues show a
gradual decrease in ,is with wavelength.24'25 Diffusion
theory predicts that this decrease will lead to a
reduction in the DPF.7

The wavelength dependence of the DPF in the rat
brain was predicted previously7 when diffusion theory
was applied to values of Rpa and [L, experimentally
measured on thin slices of rat brain tissue. The data
presented here are the first experimentally deter-
mined spectra of the wavelength dependence of the
DPF. In its normalized form the experimental data
for the adult brain match that predicted for the adult
rat brain. The small differences between the experi-
mentally measured and the theoretically predicted
data could arise for a number of reasons. First, the
data for the optical coefficients of the tissue are
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measured post mortem and on a different species.
Second, diffusion theory calculations were performed
on the basis of an infinite medium, and to apply the
results to the actual geometry of the head will
introduce errors because of boundary effects and the
presence of other tissues (e.g., the skull).

The error bars in Figs. 5-7 represent wavelength-
dependent variations between subjects. This wave-
length dependence could arise from changes in tissue
hemodynamics or small movements of the subject
occurring during the 30-min measurement period.
These effects were minimized by keeping the subjects
still and relaxed. A more likely reason would be
differences in the normoxic concentrations of oxyhe-
moglobin (HbO 2) and deoxyhemoglobin (Hb) result-
ing from different tissue blood volume and oxygen-
ation.

The absolute values of the DPF in all the studies
showed a considerable subject-to-subject variation.
Some of this variation, especially in the data from the
head, may arise from errors in the measurement with
the callipers of the interoptode spacing. However,
the measurements on the forearm and calf were made
with a positioning assembly that ensured a much
more consistent fiber placement. (Repeated studies
on a subject have shown little variation in DPF over
1 h.'3) The differences observed here, therefore,
reflect true intersubject variation. These may arise
from small variations in the optical properties of
specific types of tissue242627 but most probably reflect
gross variations in anatomy and tissue composition28

(e.g., variations in skull thickness or the fat/muscle
ratio). No correlation has been observed between
the object diameter and the measured DPF.

The value of K18 was previously interpreted as the
tissue absorption coefficient.' 9 Diffusion theory pre-
dicts that the value of K1, should be proportional to
absorption coefficient 1

a,, but the two are equal only
in extremely limited circumstances.2 1 -2 3 K1, asymp-
totically approaches [La in the case only of an infinite
medium at infinite time. We can see the problems of
equating K1, and PLa by analyzing the contribution of
tissue chromophore absorption to the measured K1,
spectrum. If assumptions are made both that K1, =
Pla and that ,aa at these wavelengths is composed
solely of Hb, HbO2, cytochrome aa3 (oxidized), and
water, then the K1, spectrum should consist of a linear
sum of the absorption spectra of these compounds.8 9 29

We tested this hypothesis on the K1, data from the
adult brain using a constrained nonlinear regression
analysis30 to determine their relative contributions
(dashed curve, Fig. 9). The constraint was that all
concentrations be positive. The regression yielded
concentrations of 9 P.M for Hb and 0.0 P.M for HbO 2
(molecular weight 64,500 u) and 14 P.M for cyto-
chrome aa3 (the functional unit). The figure for the
water concentration was 53% by volume. These
values are obviously incorrect, and the spectral fit is
poor (R 2 = 0.83). A typical value for the total hemo-
globin concentration (Hb + HbO2) in the adult brain
is 84 pM.31 The expected cytochrome aa3 concentra-
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Fig. 9. K spectrum taken from Fig. 5 together with the results of
two constrained nonlinear regressions (see text for details).

tion, estimated from adult rat brain measurement, is
5 P.M,32 and the water content is typically 80% by
volume.33 The spectral fit can be improved consider-
ably (solid curve, Fig. 9) if a further term is added to
the regression. In the illustrated case a simple
constant has been added improving R 2 to 0.995.
The regression then yielded the following concentra-
tions: 5 M (Hb), 16 M (HbO2), 0.0 P.M (cyto-
chrome aa3), 23% (water), and a constant term of
0.038 cm-'. All values underestimate severely the
expected concentrations by a factor of 3-4 times.
However, despite a total hemoglobin concentration of
only 21 P.M, it is interesting to note that the calcu-
lated brain tissue hemoglobin saturation
[HbO2 /(Hb + HbO2)] was 76%, a value similar to
that obtained by other methods."', 34

The fact that a background constant is required to
obtain an adequate fit to the experimental K18 data is
not surprising. In this case its exact origins are
unknown but are likely to arise from light scattering
and the finite object size23 and from absorption by
other chromophores. The rather low values of all
chromophore concentrations are more surprising and
cannot be explained easily. It is difficult to find
errors in the experimental technique, absolute values
of K1, agree with those reported by other research-
ers,' 8 "19 and the wavelength spectrum was sampled
adequately to resolve the 760-nm peak of deoxyhemo-
globin. From the expected tissue chromophore con-
centrations the minimum tissue absorption coeffi-
cient was calculated to be 0.095 cm-' (at 800 nm).
K18 should, therefore, be at least as large as this value.
Other authors have also found problems in attempt-
ing to calculate p.l from the TPSF.23 In these latter
studies TPSF's were measured in phantoms in highly
controlled conditions of pU, P., and in a semi-infinite
geometry. However, the value of p.l estimated by
using the diffusion equation to fit the experimental
TPSF's was 10% below the correct value. Both
pieces of evidence indicate that p.l cannot be equated
simply to K1, as originally thought and that more
work is required to estabish how the TPSF can be
used to determine the absolute concentrations of Hb
and HbO2 in tissue.

1 February 1993 / Vol. 32, No. 4 / APPLIED OPTICS 423

- Hb+HbO,+H 0+Cyt+C
- -- Hb+HbO,+HO+Cyt

I
'1'I



6. Conclusions

The spectral dependence of the logarithmic slope data
agreed with theoretical predictions, K increasing
with longer wavelength and a local maximum at 760
nm, coinciding with the absorption peak of deoxyhe-
moglobin. However, attempts to quantitate chromo-
phore concentrations from the K18 data resulted in a
severe underestimation. Further theoretical and ex-
perimental work is required to investigate this anom-
aly.

The significance of the DPF was established previ-
ously, and it has been used clinically to derive cerebral
blood flow 35 and cerebral blood volume36 from NIR
spectroscopy data. The intersubject variation in DPF
observed in this and other studies places a limit on
the accuracy of these quantitative measurements
(typically ± 10%). This source of error can be avoided
if the differential path length is measured on each
patient.

One major advantage of NIR spectroscopy is that in
theory it can measure the redox state of cytochrome
aa3. Problems in the determination of cytochrome
concentration from the NIR data have been described
previously, 7 and an improved accuracy of determina-
tion has been demonstrated when a differential path-
length that is both wavelength and absorption coeffi-
cient dependent is used. The wavelength dependence
of the DPF has now been measured and in principle
could be used to correct for the spectral distortions
that arise when we measure in tissue. The standard
deviations of the normalized DPF spectra are small,
showing a maximum value of 5.5% for muscle and
2.0% for brain. This suggests that only one normal-
ized DPF spectrum per organ or limb may be needed
to correct for wavelength-dependent effects. The
advantage of this approach to the analysis of NIR
data is that spectral distortion can be traced to its
physical basis, i.e., optical path-length variations.
For practical use in most NIR spectrometers the DPF
spectrum requires extention to 910 nm. This should
be possible in the near future with the availability of
other optics for the Tsunami laser.
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