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Abstract: In this paper, we investigate the possibility of using accurate prediction models for
the prediction of protoporphyrin bleaching dynamics to achieve photobleaching-insensitive
methods to improve the evaluation of data in an existing clinical fluorescence-guided re-
section technique. To simulate the scenario, measurements were carried out in vivo on skin
of healthy volunteers using a compact fiber-based fluorescence spectroscopy system. We
have developed an effective method for the parameterization of sequences of bleaching
spectra. We analyze convergence and decay rates with respect to initial conditions and
excitation irradiance. We also discuss the consequences and the potential for bleaching-
insensitive measurements and their applicability in a few examples from in vivo open brain
surgery.

Index Terms: Fluorescence-guided resection, FGR, 5-ALA, PpIX, protoporphyrin,
photobleaching, laser-induced fluorescence spectroscopy, LIF, optical diagnostics, tissue
optics, skin, brain, dynamic models, system identification, state space models.

1. Introduction

1.1. Background of Fluorescence-Guided Resection
Optical diagnostic methods are important tools in modern medicine due to their often noninvasive

nature and due to their rapid evaluation possibilities [1]. In the area of open brain surgery, two such
types of fluorescence-based methods are currently being developed to assist the surgeon in
deciding which tissue to remove and which to spare. Both methods rely on the increased con-
centration of fluorescent tumor markers, e.g., protoporphyrin (PpIX) [2]–[7], in malignant tumors.
Imaging systems incorporated into the surgeon’s stereo microscope have been developed, in which
the fluorescence intensity can be displayed in every point at the line of sight in the area of resection
[8]–[10]. However, these types of methods have limited depth penetrating ability, and their use is
restricted in subsurface regions or regions covered by fluids such as blood or flushing liquid. Another
kind of method consists of a nonimaging, contact-point fiber probe [11]–[13] (see Fig. 1), allowing the
surgeon to penetrate tumor tissue with the probe tip and proceed to underlying regions when the
signal from the instrument confirms the presence of the tumor. These methods provide comparably
extended depth information. The brain surgeon’s task is extremely demanding, and any tool that can
provide aid without causing additional concern or distraction is welcome. In terms of performance,
both imaging and contact-fiber probe systems have advantages and disadvantages. Imaging systems
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are integrated into the operating microscope, while the steel rod fiber probe can be combined with the
additional hand tools used by the surgeon, such as ultrasonic vacuum suction devices, scalpels, and
navigation systems [14]. Both imaging and fiber-based systems must be compatible with the bright
spotlights used in the operation theater (see Fig. 1). Further, the instruments have to be compatible
with sterilization procedures. However, both types of systems suffer from the fact that
the measurement of PpIX concentration influences the concentration itself due to photobleaching
[15]–[23]. This can lead to inconsistency in the measurements. In a typical situation, in which the ratio
between the PpIX and the tissue autofluorescence is used to determine whether to remove brain tissue
or not, the criterion for removal might be met in one instance, while after bleaching, just a few seconds
later, it might not be met in the same region. In this paper, we have investigated the possibility of
improving the evaluation of a clinically used fiber-based method to achieve bleaching-insensitive
methods. We used in vivo healthy skin measurements as a model for the process in a manner which
resembles the actual clinical scenario. We then tested the applicability on a limited set of in vivo brain
tumor data acquired during open brain surgery.

1.2. Dynamic Modeling
In the fluorescence measurements performed in this paper, the recorded fluorescence spectrum

will depend on the fluorophore concentration in a complex way. First, we will develop a dynamic
model to describe the evolution of the fluorescence spectrum when recording the fluorescence over
a period of time from the same tissue location. This model describes the photobleaching process of
the involved chromophores. Our ambition in this paper is to learn whether such dynamic model can
be used to improve the consistency of the criterion for tissue resection under severe bleaching
conditions. When light from the excitation fiber impinges on the tissue, it undergoes photomigration,
and the energy is deposited in the interrogation volume in a manner governed by the absorption
coefficients and scattering properties of the sample at the excitation wavelength [1]. The total
absorption is the sum of all the absorbing constituent concentrations multiplied by their respective

Fig. 1. Scene in the operation theater, demonstrating in vivo measurements during open brain surgery.
(P) Patient, (S) surgeon, (SA) surgeon’s assistant, (O) skull opening, (A) anesthetist and surveillance
monitors, (L) surgical light system, (M) operating microscope, (N) displays showing offline MRI maps
and navigation system, (D) flushing/ultrasonic tool drainage tubes, (F) fiber probe, (SL) box containing
the spectrometer and laser, and (PC) controlling laptop.
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absorption cross sections. The absorbed energy is then partly turned into heat, partly reemitted as
fluorescence, and partly consumed to drive photochemically induced reactions. The last mentioned
pathway can in turn lead to destruction of the particular molecules, which would alter the local
absorption coefficient. This, in turn, will result in a change in the extension of the interrogation
volume and the volume in which the excitation energy is deposited with time in a sequence of
measurements. When a bleachable sensitizer is embedded in a presumably nonbleachable tissue
matrix [24], this may lead to an increase in autofluorescence over time as the sensitizer bleaches
out of the interrogation volume, hence quenching the excitation and emission of the autofluores-
cence to a lesser degree. This is known to have only a small effect on the tissue autofluorescence,
but some studies suggest that autofluorescence increases during bleaching, e.g., [17], and another
suggests a decrease [3], [24].

The fluorescent light emitted from each volume element eventually undergoes a second photon
migration process and may be subject to emission quenching or re-absorption before reaching the
detection fiber. The detected spectrum is thus perturbed by any absorber present within the emitted
spectral range within the interrogation volume. To evaluate the spectral shape of the recorded
fluorescence spectra, data can be reduced from the number of spectral bands in the spectrometer to
the number of spectral components involved by using singular value decomposition (SVD, which is
identical to principal component analysis (PCA), except that the mean is not subtracted in SVD)
[25]–[30]. When decomposing the spectra from such a bleaching sequence with SVD, a truncation
point can be determined from the spectral eigenvalues. The spectrum at any given time in the
sequence can be described by a linear combination of the corresponding eigenvectors or base
spectra. The loadings related to the concentrations of the involved substances (and, thus, their
respective cross sections) can be expected to perturb the interrogation volume and the energy
deposition; thus, the loadings can be considered as dynamical states. In the mathematical space
defined by the concentration loadings, the time-evolution trajectory resulting from a bleaching se-
quence can be expected to be governed by a certain function of the concentration composition in
the previous instance. Such trajectories can thus be described by a vector field, which can be
obtained by performing system identification [31]–[36]. While we can expect at least as many
dynamic states in the dynamic model as linearly independent base spectra, we cannot exclude the
possibility of more hidden dynamic states. It is, however, generally accepted that the bleaching
process of PpIX in tissue can be fairly well described by two dynamic states [24], [37]. Each
absorber can either remain stable, be destroyed and go to a nonabsorbing state (increasing the
fluorescence from deeper lying fluorophores), go to a nonfluorescing state, or turn into a new
compound influencing the detected fluorescence in a new way [22], [37], [38]. All such behaviors
are included in state space models used in control theory and robotics, the evolution of ecosystems,
and chemical and nuclear chain decays [31]–[36]. Here, the dynamic states are expressed as a
linear combination (the so-called system matrix or dynamic model) of the same dynamic states in
the previous instance or instances. The diagonal elements of the system matrix correspond to
individual exponential decays, whereas the coefficients off the diagonal represent the production or
destruction of one dynamic state related to another dynamic state. While the tissue autofluores-
cence obviously does not bleach to a nonzero value within a reasonable time, it is less intuitive that
the sensitizer concentration bleaches to anything else than to zero. However, several indications
point toward such a behavior [39], [40]. Reasons for this behavior might be found in the bottleneck
of dissolved oxygen in-flow to the interrogation volume, in diffusion into or production of PpIX inside
the interrogation volume [41]. Other reasons may be found in the fact that the PpIX sensitizer can be
found in different subcellular compartments with different ambient conditions, and bleaching only
takes place in the simultaneous presence of dissolved oxygen and PpIX [42]. There are also
indications of a fluorescent photoproduct from the destruction of PpIX [22], [37], [38], [41], [42].

While the concentration composition constantly changes along the trajectory in the state space
[34], a few properties of such a trajectory remains constant and could hence be used for
photobleaching-insensitive evaluation. These properties include the convergence composition
point, which is reached either by solving the zero derivatives of the transfer function, or to
extrapolating bleaching to infinity. The system dynamics and decay times found in the coefficients in
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the system matrix of a state space model are also constant throughout the bleaching process. If
any of these properties depends on the initial concentration composition, a bleaching-insensitive
method could be achieved by applying dynamic models to the short bleaching sequences. Apart
from the time-invariant transfer function, we can also expect time-dependent behavior in an in vivo
scenario. Heart beats and breathing [43], [44] may give rise to slight variations in the optical return
or diffusion properties, as well as any movement’s of the surgeon’s hand. Such difficulties could be
overcome by optimizing the instrument for fast acquisition, rather than a plurality of spectral bands.

2. Methods and Data Set

2.1. Optical Touch Pointer
We have recently developed and presented a fiber-optic fluorescence spectrometer [13]. The

system can be operated in either continuous or a modulated mode (for background subtraction).
Excitation is achieved by a near-UV diode laser module emitting at 405 nm with a maximal power
of 50 mW (Oxxius, Lannion, France). A spectrometer (EPP 2000, Stellarnet, Tampa, FL, USA)
operating in the wavelength range of 240–850 nm with a resolution of 3 nm is coupled to the
system to obtain the optical signal. The elastically back-scattered light from the tissue is rejected
by a 3-mm long-pass, cutoff filter at 475 nm (Schott CG-GG-475-0.50-3, CVI Melles Griot,
Albuquerque, NM, USA). A fiber-optic probe, in contact with the tissue at distal end, is connected
to the laser source and the spectrometer. The probe consist of an excitation fiber in the cen-
ter ðØcore ¼ 600 �m;NA ¼ 0:37 in airÞ surrounded by nine collection fibers ðØcore ¼ 200 �m;
NA ¼ 0:22 in airÞ. The technical description of the system and the method of use have been pre-
sented previously [13]. The modulation of the laser is synchronized by the spectrometer read out
using the counter circuit in the data acquisition board (National Instruments, Inc., Austin, TX, USA).

2.2. Skin Measurements
The measurements were performed on four volunteers after obtaining permission from the local

ethical committee (No. M139-07, and No. T83-09, Regionala etikprövningsnämnden i Linköping).
Written informed consent was obtained from all participants. Methylaminolevulinat cream (METVIXA

160 mg/g, Photocure ASA, Norway) was applied topically in a 2–3-mm-thick layer over an area of
roughly 3 cm2 on the tape-stripped skin of the forearm, 4–6 hours prior to the measurements. The
pharmacokinetics of PpIX is described in several studies [38], [45]–[49], and within the given time,
the levels can be assumed saturated. During this interval the treated site was covered by a
nontransparent plaster to avoid any light exposure. The arm was fixed, and the measurements were
performed about 3 mm apart [see Fig. 2(a)] on a new site for each sequence. The probe was
suspended in a gliding guide tube and the pressure on the skin can be assumed constant between
sequences and test persons. The sequences were recorded in a darkened room. However, in
between the measurements, the light was turned on.

The laser was adjusted to fiber tip continuous powers of 1, 2.5, 5, 7.5, and 10 mW (the average
power for the modulated measurements is half that of the continuous ones). The irradiation was
administered to an area of 0.28 mm2. In each measurement the recording was made until the PpIX
peak at 635 nm was substantially photobleached [see Fig. 2(b)]. In somemeasurements, specifically
those at higher laser power, the measurement was stopped earlier due to irritation of the skin. The
integration time of the spectrometer was 200 ms, in continuous mode, and 100 ms, in the modulated
mode, which was matched to the duration of laser-on/off time slots. In modulated mode, the sum of
two consecutive spectra were stored. Thus, the sampling rate for continuous acquisition was 200ms,
and for modulated sequences, it was 400 ms since dark spectra were continuously recorded in the
1–0 ms laser off-time slots. Recordings were performed on both nontreated and ALA-treated skin on
four individuals. In total, 129 sequences were recorded on ALA-treated skin were recorded, out of
which 44 were in modulated mode and 85 in continuous mode. Further, 90 sequences were also
recorded on nontreated skin, including 30 recorded in modulated mode and 60 in continuous mode.
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2.3. Brain Measurements
The applicability of the method to a few examples of in vivo brain fluorescence measurement

(Ethical Committee, No. M139-07) is also presented in this paper. ALA, 5 mg/kg diluted in orange
juice, was administered orally approximately 3–4 hours before the measurements were initiated.
Five sequences were recorded from the brain tumor tissue during tumor resection surgery, all from
the same patient. The tumor was suspected to be a glioblastoma multiforme. Three of these
recordings were performed in continuous mode in full operation theater light but with a shielding
device covering the tissue in an approximately 10-mm vicinity from the probe. Three sequences
were recorded in modulated mode with background subtraction. The excitation power was 5 mW
and the integration time 500 ms in tumor tissue in both cases.

2.4. Data Processing and Analysis
Sequence data files were imported into Matlab (MathWorks Inc.) [30]. In the case of acquisition

with modulated mode, the dark spectra were subtracted; in the case of the continuous mode, the
dark current was estimated from the mean of the dark region blocked by the optical long-pass filter.
The intensity counts were normalized to the exposure time (constant) and the varying laser powers.
Time frames showing continuous bleaching sequences were handpicked after analyzing the total
intensity over time. Thus, spectra obtained prior to skin contact and unsteady sequences were
excluded. In total, 40 891 spectra were included, belonging to 219 bleaching sequences, including
ALA-treated and non-ALA-treated regions, irradiated by different excitation powers. The spectra
were organized in a single matrix M , the rows being the individual observations and columns
representing the spectral bands. M was decomposed with SVD

Mn¼1::N;� ¼ Un¼1::N ;s¼1::N�n¼1::N;s¼1::NV ��;s¼1::N : (1)

Here, U is a matrix with rows representing individuals and columns corresponding to the content of
each base spectrum. � is a diagonal matrix with eigenvalues representing the significance of each
base spectrum in decreasing order. V is a matrix with rows representing spectral bands and columns
corresponding to spectral components with decreasing significance. By analyzing the eigenvalues in
a log scale plot the noise floor and numbers of significant components can be judged, and a truncation
tr can be decided; thus, the entire data set can be expressed as

bMn¼1::N ;� ¼ Un¼1::N ;s¼1::tr�s¼1::tr ;s¼1::tr V ��;s¼1::tr : (2)

Fig. 2. (Left) Apparatus used to measure laser-induced fluorescence. (Right) Example of bleaching of
ALA-treated skin excited by 7.5 mW of continuous 405-nm light. The green light distribution around
500 nm arises due to the tissue autofluorescence and increases slightly with time in this case. The red
fluorescence at 635 nm arises from the photosensitizer, i.e., PpIX, and decreases with time of
radiation. The signal is considerably different from those obtained in imaging systems due to photon
migration [10].

IEEE Photonics Journal Photobleaching-Insensitive Fluorescence

Vol. 3, No. 3, June 2011 Page 411



Here, bM is the approximated matrix M using a truncated number of base spectra in V . The base
spectra in the columns of V might not necessarily have a physical interpretation; we are, however,
allowed to freely rotate the first tr components ofV without introducing any loss of information, since a
rotational matrix has a determinant of one. To give a meaningful name to spectral base components,
we may choose to rotate the base vectors in V according to some preknowledge, e.g., spectral
features at certain regions or features expected from treated or nontreated samples

B�;s¼1::tr ¼ Rs¼1::tr ;s¼1::tr ;V�;s¼1::tr : (3)

Here, B is a matrix containing new meaningful base spectra in the columns, and R is a rotational
matrix with rotational angles based on preknowledge. Quantities of the composition in terms of
meaningful components can now be found by projection, that is, minimizing the least-square residual

Yn¼1::N ;s¼1::tr ¼ BT
�;s¼1::tr B�;s¼1::tr

� ��1
BT
�;s¼1::trMn¼1::N ;�: (4)

In practice, these compositions can be rapidly calculated using the QR factorization algorithm [30]. If
one spectral component can be assumed to be associated with the tissue/matrix autofluorescence,
the composition can be normalized by that constituent, and dimensionless concentration-like
quantities C are obtained:

Cn¼1::N;s¼1::tr�1 ¼
Yn¼1::N ;s¼2::tr

Yn¼1::N;s¼auto matrix
: (5)

Such a dimensionless quantity could be the PpIX ratio typically used for resection criterion. In
photokinetics, the spectral composition can be expressed in a sequenceY t ;s¼1;...;tr orCt ;s¼1;...;tr , which
is retrieved from a (possibly changing) interrogation volume as a function of the spectral composition
in the previous instance

Yt ;s¼1::tr ¼ Yt�1;s¼1::tr�s¼1::tr ;s¼1::tr : (6)

Here, � is the systemmatrix of the dynamic model. The diagonal terms in � correspond to decay rates
of simple single exponential decays. The terms off the diagonal in � represents the possibility of
onecomponent turning into another detectable component. Several impositions can be set on �
regarding strict stability theorems [31]–[35]; for example, the eigenvalues of the systemmatrix cannot
be complex if it is assumed that there are no cycles in the photochemical reaction chain. Since
all spectral components must necessarily converge to zero in the above model (seen by solving
Yt ¼ Yt�1; � 6¼ 1), it is necessary to add a bias term to allow the model to converge to anything else
than zero

Yt¼1::T ;s¼1...tr ¼ �t¼0::T�1;d¼1::DOF�d¼1::DOF ;s¼1...tr ; � ¼ ½1 Yt¼0::T�1;s¼1...tr �: (7)

DOF are the degrees of freedom in the dynamical model, and in this case, DOF ¼ tr þ 1. Obviously,
such models can be expanded to any degree of complexity, including polynomial expansions and
cross products of the columns in Y . They should, however, have a physical interpretation, and
additional DOFs imply decreased stability, and poorer convergence, and an increase in the number of
observations required to estimate a good model. A rough estimate of the dynamic model coefficients
can be found by regression:

�̂d¼1::DOF ;s¼1::tr ¼ �T
t¼0::T�1;d¼1::DOF�t¼0::T�1;d¼1::DOF

� ��1
�T

t¼0::T�1;d¼1::DOFYt¼1::T ;s¼1::tr : (8)

Again, this can be rapidly calculated by the QR factorization. This estimate can be used as an initial
guess, and the dynamic model coefficients �̂ and initial conditions bY0 can be refined byminimizing the
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squared residuals from prediction from time zero

minŶ 0�̂

X
t¼1::T

X
s¼1::tr

Yt¼1::T ;s¼1::tr � bY0;s¼1::tr �̂
t¼0::T
d¼1::DOF ;s¼1::tr

� �2 !
: (9)

In our model, we refined the coefficient iteratively and numerically. The spectral composition at infinity
was calculated as

bY1;s¼1::tr ¼ bY0;tr¼1::tr �̂
1
d¼1::DOF ;s¼1::tr : (10)

Several attempts were made to predict the initial PpIX ratio in Y0 from the dynamic parameters of the
trajectory in �̂. These attempts included biased hyperplane predictions using all coefficients in the
dynamic model. Although the process is described by several dynamic states, the single exponential
half life time was visualized briefly with respect to excitation power and initial conditions. This half life
time is defined as the time from t ¼ 0 for a component to reach the mean of the initial quantity and the
converged quantity.

3. Results and Discussion
The eigenvalues in the diagonal matrix �, which was obtained from the SVD, revealed that all 40 891
spectra could be described by just four base spectra [see Fig. 3(a)]. The fourth base spectrum was
classified as spiky residuals from background lighting, which only occur in the continuous wave (CW)
mode when there is no dark subtraction. The fifth to tenth components are electronic readout noise,
fast sinus, and cosines in the entire spectrum, independent of light intensities, that also cover the area
below the long-pass fluorescent filter. These electronic reflections or read out errors can also be
observed in a logarithmic frequency domain power plot of the entire data.

The measurements were projected onto the three spectral components. For the components to
be meaningful, the coordinate system was rotated as follows. The angles of the first rotation were
determined in such a way that the first spectral component minimizes the residuals with respect to
the mean spectrum for all non-ALA-treated measurements; this component is denoted tissue
autofluorescence. The angles of the second rotation are found by maximizing the variance from
627 nm to 642 nm in the second component and is denoted PpIX. The remaining component is
referred to as a blue-shift of the autofluorescence [see Fig. 3(b)]. Further, data were also projected
on the spiky background residual from the CW mode and a flat bias. These two last-mentioned

Fig. 3. (Left) Singular value decomposition reveals that all 40 891 spectra can be described as a linear
function of four spectra. Note that components beyond the 50th have been omitted. (Right) Base
spectra upon which the rest of the analysis is based. The base spectra from the SVD are rotated so that
the first principal components match the autofluorescence constructed as the mean spectrum for non-
ALA-treated skin.
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projections were later removed from data. Compression sequence residuals ðM � bMÞwere analyzed
in the spectral domain and in the measurements from different individuals, and no systematic errors
were found. The squared compression residuals were also analyzed in logarithmic histograms;
obviously, sequences acquired at lower excitation power yielded larger relative residuals due to noise.

When the skin data are projected on the base components the composition can be plotted as a
function of time [see Fig. 4(a)]. In this particular case, the autofluorescence increases slightly during
bleaching. The average relative change in autofluorescence was not significant, being 0% for ALA-
treated and �2% for nontreated tissue, both with standard deviations of 8%. The large variance
from sequence-to-sequence implies that some sequences show a relative change as large as
�20%. ALA-treated tissue showed a weak significant negative power dependence of 0.4%/mW
relative change, whereas nontreated tissue showed no power dependence. To convert the fluo-
rescence intensity in terms of counts into normalized quantities related to concentration, the PpIX
and the blue-shift counts were divided by the with autofluorescence counts [see Fig. 4(b)]. This
operation cancels out several aspects related to the geometry of the interrogation volume. This
operation can be compared with standard dimensionless evaluation methods in computer vision
[50] or spectroscopy where, e.g., the Raman signal from water or nitrogen matrices is used for
normalization [51], [52]. Tissue autofluorescence is arguably more arbitrary due to the complexity of
the tissue matrix; however, in our data set, all the interrogation volumes could be described by the
three components in Fig. 3(b).

We describe the evolution of the ratios by a 6-DOF model, as described above, and two initial
conditions: PpIX0 and BlueShift0

bCtþ1;s¼1::2 ¼ ½1 bCt ;s¼1::2��̂d¼1::3;s¼1::2: (11)

It was noted that even the absolute values at any time can be reconstructed from a linear com-
bination of these two time series. Thus, there are only two dynamic states, although three base
spectra were found; this is in accordance with previous findings [23], [24], [37]. We refer to these
dynamic states as the BPpIX ratio[ and BBlue-shift ratio,[ respectively. Models which did not
converge, or models which converged but contained complex eigenvalues, were omitted, leaving
191 of 219 sequences. Several of the omitted sequences were short and noisy, and some were
discontinuous due to movement during the measurement. In some of the sequences, fast periodic

Fig. 4. Results for ALA-treated skin bleached with a power of 5 mW. (Left) Absolute fluorescence
intensity expressed as counts as a function of time. In this particular sequence, the autofluorescence
increases. (Right) Dimensionless values of the concentrations of PpIX and the blue-shift obtained by
dividing them with the autofluorescence. The circles indicate convergence of each component; note that
the convergence for the PpIX ratio is significantly different from zero. This particular sequence was
recorded in continuous mode.
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residuals were observed in the regime of heart beat frequency. Other slow time-dependent behav-
iors could arise from breathing [43], [44]. No systematic differences were found between the resid-
uals and the squared residuals with respect to the early and late measurement points.

Considering the relative compositions of PpIX and blue-shift ratios, the state space trajectories
can be mapped out in a plane, as illustrated in Fig. 5. It can be seen that the convergence points for
ALA-treated samples (indicated by circles) are not located at a PpIX ratio of zero.

If we assume that each sequence starts with an entirely unbleached interrogation volume, we can
plot the initial ratio of PpIX versus the ratio at infinity [see Fig. 6(a)]. The correlation coefficient was
r ¼ 0:83 (p-value 10�50). For the convenience of the reader, a straight line was fitted (slope 0.25
� 0.024 PpIX Inf/Init and intercept �0:00031� 0:0065 PpIX Inf, confidence 95%). The confidence
interval is for the line fit. As can be seen from Fig. 6(a), confidence for new observation is dependent

Fig. 6. (Left) The correlation between initial PpIX ratios and infinity extrapolated ratios is 0.83 (p-value
10�50). This is promising with regard to estimating initial concentrations in terms of the constant infinity
extrapolated properties. Green: ALA-treated tissue. Red: Nontreated tissue. Circles: Instrument
operated in CW without dark subtraction. Crosses: Instrument operated in modulated mode. (Right)
Infinite blue-shift ratio versus the initial blue-shift ratio. Green: ALA-treated sample. Red: Nontreated
sample. Circles: Instrument operated in CWwithout dark subtraction. Initially, ALA-treated skin has lower
blue-shift ratio than nontreated skin. After bleaching to infinity, ALA-treated skin has a higher blue-shift
ratio than nontreated skin.

Fig. 5. Map of trajectories in state space. Squares indicate starting points, and circles are infinity
extrapolated by solving for the derivative equaling zero. Green lines represent sequences from ALA-
treated skin sample, and blue lines represent non ALA-treated sequences.
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on the initial value. Since the convergence point is independent of bleaching, this shows that the
convergence point could potentially be used for bleaching-insensitive clinical evaluation.

We investigated whether the prediction of the initial PpIX ratio could be further improved by
including the remaining parameters such as blue-shift convergence or decay times. These attempts
included multivariate polynomial prediction models, which also include cross-product terms. No
significant improvement was observed. We investigated the results in Fig. 6 in relation to whether the
absolute autofluorescence increases or diminishes during bleaching, and no relation was found.
When analyzing the blue-shift component in a similar manner, we observed that the blue-shift of ALA-
treated tissue increased with bleaching, whereas nontreated tissue showed a slight red-shift [see
Fig. 6(b)]. For the two aforementioned analyses, no systematic difference between the individuals
was found.

To investigate whether the nonzero convergence concentration of PpIX arises from its production
or in-flow in the interrogation volume, or whether it arises from PpIX trapped in the cell organelles,
with inhibiting bleaching due to the low dissolved oxygen concentrations, we performed an
excitation power analysis. Fig. 7(a) shows the PpIX ratio at infinity in relation to bleaching power. No
significant power dependence could be seen. At very lower excitation powers, a slight increase in
PpIX ratio convergence is observed, but this could equally well be explained by the noisy condi-
tions. When applying the same analysis to the blue-shift ratio [see Fig. 7(b)], we observed that
higher excitation powers yielded convergence points with a higher blue-shift. Similar results were
obtained in [53].

No significant relation was found between the dynamic coefficients in the system matrix, i.e., the
decay rates, and the initial PpIX ratio (in accordance with previous findings [23]). When performing
excitation power analysis on the half life time of PpIX ratio, we observed a rather large variance
between the different sequences. If we assume that the fluorescence bleaching half life time de-
pends on the power according to t1=2 ¼ k0 þ k1=P (k0 implies constraints on the bleaching other
than excitation flux), we observe that the decay rates saturates within the range of excitation powers
used in clinical situations, which is typically 5 mW (see Fig. 8). This would suggest that in-flow of
oxygen into the interrogation volume constrains the bleaching process, rather than excitation flux
[18]. One considerable difference between continuous and modulated bleaching is the in-flow of,
e.g., PpIX and oxygen during the dark time slots.

Several bleaching sequences from an open brain surgery situation were analyzed using SVD
analysis, as described above. The eigenvalues revealed that spectra in the sequences could be
effectively described by four base spectra; however, each sequence only required two components,
namely, tissue autofluorescence and the PpIX signal. When rotating the coordinate system to
minimize the PpIX imprint on the autofluorescence, the following two observations were made: The
PpIX peak wavelength was slightly higher than for the skin (637 nm versus 634 nm for skin), and
there was a change of the spectral knee shape in the region 650–700 associated with

Fig. 7. (Left) PpIX ratio convergence is invariant with respect to excitation power. No significant
difference between pulsed or CW. (Right) Higher excitation yields bluer convergence points. No
significant difference between pulsed or CW, ALA, or no ALA.
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photoproducts of PpIX [40]. A possible explanation for the shift could be different instrument
temperatures or different scattering properties [54]. However, in continuous mode, it is difficult to
distinguish this knee from the migrated red light from neighboring regions induced by the strong
surgery theater lamp. The plurality of spectral components needed for the three different sequences
on in vivo brain samples are mainly assigned different background conditions, as well as small
spectral shifts of the PpIX signal in the order of 2 nm.

The temporal evolution of the PpIX ratio was in this case effectively explained by a single
exponential with a bias or a state space model of the form

Ct¼1::T ;s¼1 ¼ ½1 Ct¼0::T�1;s¼1��d¼1::2: (12)

One reason for this could be the fact that the strong theater lamp would induce a considerable
bleaching of any fast bleaching component before the sequence could be recorded.

The magnitudes of the base components have been scaled to match those given above in this
paper [see Fig. 3(b)], and thus, we can compare the convergence PpIX ratios directly. The details of
the brain sequences are given in Table 1. We note that the convergence PpIX ratio is relatively high
compared with those presented in, e.g., Fig. 6(a) (especially for the values with the better
confidence intervals). This could be an indication of the applicability of the method presented, since
the sequences of the brain samples were all measured on changes.

Fig. 9 presents an initial and a converged spectra. It should be noted that the interrogation volume
is likely to have undergone bleaching prior to the recording due to the operating theater lamp.

TABLE 1

For short sequence lengths, noise and small bleaching degree are reflected in the 95% confidence
bounds

Fig. 8. Half life time of the PpIX ratio from the initial value to the final value. The data were fitted with the
function t1=2 ¼ k0 þ k1=P. Such bottleneck behavior suggests that bleaching is limited by oxygen
diffusion once the excitation light flux saturates.

IEEE Photonics Journal Photobleaching-Insensitive Fluorescence

Vol. 3, No. 3, June 2011 Page 417



There were no indications of PpIX bleaching photoproducts in the skin data, while the blue-shift
increased during bleaching. However, bleaching features changing the spectral shape in the 650–
700-nm range were observed in brain tissue (see Fig. 9). The photoproduct from PpIX bleaching has
been observed previously in skin samples [22], [38]; one possible explanation is the difference that, in
this paper, healthy skin was studied, whereas malignant skin was studied in [38]. Interestingly, the
production of the photoproducts is dynamically locked to the destruction of PpIX; thus, PpIX and
photoproducts will not be separated by the SVD analysis of a bleaching sequence; instead, the SVD
will e.g., express a steady spectral component and a component representing both the reduction of
PpIX and the increase in the photoproducts.

4. Conclusion
Using data from ALA-treated and non-ALA-treated skin and brain tissue in vivo, we have shown that
bleaching sequences from individual interrogation volumes can be effectively described by a small
number of spectral components (three and two, respectively). We have also shown that we can
accurately predict the spectra in time and extrapolate them to infinity. We observed an interesting
correlation between the PpIX ratio after infinite bleaching and the initial PpIX ratio (related to the
respective concentrations). In a clinical situation, this would allow us to obtain bleaching-insensitive
quantities by recording short sequences instead of individual spectra. Within the power regime
0.35–3.5 W/cm2, the PpIX convergence ratio is independent of power, which indicates that the
converged PpIX signal probably arises from organelles where oxygenation inhibits bleaching,
rather than the in-flow or production of PpIX. A large spread in the bleaching half life times was
observed; the PpIX half life time was found to be unrelated to the initial PpIX concentration. This is
encouraging since the convergence point is easier to determine, whereas a half life time can only
be determined for the limited time during which the sequence shows any significant bleaching.

The instrument used in this paper features a large number of spectral bands but rather low optical
throughput and sampling frequency. The fact that the large data set can be described by very few
spectral components suggests that sensitivity and modulation speed should be prioritized in future
instruments at the expense of spectral resolution. This would greatly increase the signal-to-noise
and signal-to-background (operating theater lamp) ratio. A second generation instrument is likely to
be based on a set of dichroic beam splitters [16] and photomultiplier tubes (PMTs) or avalanche
photodiodes (APDs), which would enable modulation in the kilohertz regime and compatibility with
fluorescence lifetime acquisition [55]. It is well known that the fluorescence is largely influenced by
re-absorption; thus, it is desirable to include a white light source for elastic reflectance, e.g., an
InGaN+Ce:YAG LED [56]. Such a feature may further improve the prediction of the initial PpIX
content and reduce some of the biological variance between different interrogation volumes caused
by, e.g., re-absorbing chromophores and, not least, the different local oxygen levels (accessed by
the absorbance of Hb and HbO). In this paper, the elastic scattered excitation light was rejected by

Fig. 9. Initial and infinity spectrum from an in vivo brain bleaching sequence.
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a long-pass filter. Detailed information on the change of the extension of the interrogation volume
could be obtained by even considering the elastically scattered excitation light. We have shown how
certain properties can be investigated by analyzing the bleaching dynamics with respect to the
excitation power [39]; in this paper, the different powers were applied to different interrogation
volumes. In future studies, it could be interesting to bleach the same interrogation volume by a
plurality of excitation powers to investigate the properties related to intraorganellular PpIX, the
diffusion of oxygen, and production and diffusion of PpIX.
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