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Supplementary Material
S.1 Optical Probe and Data Acquisition

A schematic of the optical probe is shown in Figure 1 (main text). The probe includes two
FD-DOS source positions, two FD-DOS detector positions, one bDOS source position, and one
bDOS detector position. The FD-DOS source-detector separations were 1.5, 2.0, 2.5, and 3.0 cm,
and the bDOS source-detector separation was 3.0 cm. Light was delivered/collected at each
position with optical fiber bundles. The bDOS halogen lamp and spectrometer were coupled to
2.5-mm diameter and 1.0-mm diameter 90°-bend borosilicate bundles, respectively (0.66 NA,
Fiberoptics Technology Inc, Pomfret, CT, USA). 90°-bend borosilicate bundles (2.5 mm diameter,
0.66 NA) were also used to connect each FD-DOS source position to 4 intensity modulated lasers
in the MetaOkx, i.e., via coupling to 4x1 fan-out fiber bundles inside the enclosure (one laser at
each wavelength). Finally, FD-DOS detection was performed through 3-mm right-angle prisms
glued to borosilicate fiber bundles (2 mm diameter, 0.55 NA, Fiberoptic Systems, Simi Valley, CA,
USA).

During FD-DOS acquisition, time-division source multiplexing was used; 0.02 s was
required to cycle all wavelengths through the two source positions. For each light wavelength and
source position, the amplitude and phase of the measured diffuse photon density waves at the
detectors were recorded. For bDOS acquisition (spectrometer integration time, 100 ms), an
optical shutter in the lamp was used to interleave 1 s of tissue diffuse reflectance measurements

(shutter open) with 1 s of dark count measurements (shutter closed).



Before and after each monitoring session, the FD-DOS measurements were calibrated
using a solid phantom with known optical properties to estimate the light coupling coefficients to
tissue for each fiber bundle (ISS Inc, Champaign, IL, USA).! Furthermore, the spectral response
function of the bDOS system was determined by using a custom 3-D printed holder to position
the probe on a spectrally flat reflectance standard (SRS-40-020, Labsphere, North Sutton, NH,
USA).

S.2 Optical Analysis Algorithm: Determination of Broadband Absorption Spectra

Absolute cerebral tissue absorption spectra were derived from the FD-DOS and bDOS
measurements in eight steps (Figure S1). This derivation of the absorption spectra follows an
approach similar to one described in prior work;>® we implemented the approach in MATLAB
R2022a (Mathworks Inc., Natick, MA, USA).

In step 1, the bDOS reflectance, R(Agg, t), is derived from temporal one-minute averages
(no overlap) of the raw data corrected for dark counts and for the instrument’s spectral response
function (t denotes the midpoint time of each 1-minute time-average). In Figure S1, we denote
the bDOS measured dark count and raw tissue diffuse reflectance spectra at each measurement
timepoint, t,,, as Ryark (Agg, tm) and R4, ( Agp, t,n); the broadband wavelengths (155) span from
650 to 1000 nm. We also define Rg.rs:qa(Agp) as the spectral response function obtained from
reflectance standard measurements with the integrating sphere. Then, R(Agg,t) =
(Rraw(ABp) tm) — Raark(Agp, tm))e/ Rrersta(App)- Here, the (), brackets denote a 1-minute time-
average centered at time t.

In step 2, interleaved FD-DOS measurements of the cerebral tissue optical absorption and
reduced scattering coefficients, i.e., u,(Arp, trp) and us (Agp, trp), respectively, were obtained at
time tpp and wavelength 1z,. Each measurement of tissue optical properties entailed fitting the
phantom-calibrated FD-DOS measurements of amplitude and phase (2 Hz sampling) to the

frequency-domain photon diffusion equation solution for a semi-infinite homogeneous medium.*



These absorption and scattering properties, obtained at 2 Hz, were further averaged over the ~2-
minute FD-DOS acquisition interval centered at time trp. Frequency-domain values for the tissue
scattering amplitude and power, i.e., A(tgp) and b(tgp), were derived by fitting the measured
us(App, trp) to a wavelength-dependent power law model for tissue scattering (the power law
model is empirical but has been related to Mie scattering theory models):® u.(Agp,trp) =

A(trp)(App/ (500 nm))~>Erp),
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Figure S1: Schematic of the 8-step algorithm used to derive absolute cerebral tissue absorption spectra
from hybrid broadband diffuse optical spectroscopy (bDOS) and frequency-domain diffuse optical
spectroscopy (FD-DOS) data. u, and u; are the wavelength-dependent absorption and reduced scattering
coefficients. A5, denotes the FD-DOS source wavelengths (680, 760, 805 and 830 nm), Az denotes the
bDOS wavelengths (650-1000 nm); tz, denotes the midpoint times of the 2-minute FD-DOS acquisition
intervals (see Figure 1, main text), t denotes the midpoint times of the 1-minute averaged bDOS spectra;
A is the Mie scattering amplitude and b is the Mie scattering power, which are assumed to be independent
of wavelength; S is the multiplicative factor that converts the bDOS reflectance (R (Agp, t)) to the “true” tissue
reflectance (R, (455, t)) predicted by photon diffusion theory. For each Az, Riye(1gg, t) was fit to the
continuous-wave semi-infinite photon diffusion Green’s function solution for p,(Agg, t); us(Agg, t) was an
input in this fit. Note, the labeled arrows connect the inputs for each step to the derived outputs.



In step 3, the wavelength-independent A(tzp) and b(tzp) were interpolated (linearly) to
obtain A(t) and b(t) at the bDOS time points. Specifically, A(t) and b(t) were determined from
A(tpp)and b(trp) and A(tgp + 30 min)and b(typ + 30 min) (see Figure 1, main text). The
resultant A(t) and b(t) were then used to calculate the broadband tissue reduced scattering
coefficient as a function of wavelength, i.e., ui (Azp,t) = A(t)(Agg/(500 nm))~2® (step 4).

To compare the measured bDOS reflectance to theory, it is necessary to estimate a tissue
coupling coefficient for the bDOS system, S (step 5). We do this using the FD-DOS measurement
of optical properties. S(t) is defined as the multiplicative factor that converts the bDOS
reflectance, R(Agg, t), to the “true” tissue diffuse reflectance spectra predicted by photon diffusion
theory, Riue(Agp,t), i.€., Rirue(App, t) = S(t)R(Agp, t). Note, here we assume that S does not
depend on wavelength, but we permit it to change with time. To estimate S from FD-DOS
measurements, we also assume that Ri.,.(1zp,t) is well described by the semi-infinite
continuous-wave  photon diffusion Green’s function solution.  Accordingly, we
determine Ry (Arp, trp) atthe FD-DOS wavelengths and measurement times using the FD-DOS
measurements of u,(Agp, trp) and us(App,t) as inputs to the semi-infinite solution; additionally,
the source-detector distance is set to 3 cm, an assumed wavelength-independent tissue refractive
index is set to 1.4, and an assumed effective Fresnel reflection coefficient is set to 0.0065 (it was
computed, as described elsewhere,? based on the refractive index of the optical probe being
1.45). Then, using this determination of Ri-ye (Arp, trp), We solve the following system of equations

to estimate S(tpp) via least-squares fitting (Iscov, MATLAB):

R(App1,trp) Rirye (AFD,l' tFD)
S(tFD) = : .
R(App,a,trp) Rirue (AFD,Z' tFD)

1)
In step 6, we simply linearly interpolate S(tpp) between data taken at tzp, and tpp +
30 minutes to all bDOS times, thereby giving S(t). The resultant time-dependent multiplicative

factor is then used in step 7 to calculate the true reflectance at all wavelengths, Riqye(A55,t) =



S(t)R(1gp, t). In step 8, the cerebral tissue absorption spectra, u,(Agg, t), are obtained by fitting
Rirue(Agp, t) to the semi-infinite continuous-wave photon diffusion Green’s function solution;
us (Agg, t) is used as an input for this fit. Note, a separate fit was performed for each wavelength,
Agg, using the function fminsearchbnd (“fminsearchbnd, fminsearchcon - File Exchange -

MATLAB Central,” n.d.) with the constraint that u, (155, t) must be between 0.001 and 1 cm™.

S.3 Optical Spectroscopy for Determination of OEF, AoxCCO, and HbT

We used the following relation to recover the tissue chromophore concentrations from the

broadband absorption spectra (u, (Agg, t)):*

ta(Agp, t) = X i(Agp)ci (D), (2)
where ¢;(15g) is the wavelength-dependent extinction coefficient and c;(t) is the concentration of
the ith chromophore at time t. Note, Equation (2) is a system of equations; there is one equation
for each light wavelength measured, i.e., between 650 and 1000 nm. The tissue chromophores
considered herein, all with known extinction coefficients, are oxy-hemoglobin (Hb0,), deoxy-
hemoglobin (HbR), water, oxidized CCO (0xCCOQ), and reduced CCO (redCCO).

First, we took the time average of Equation (2) across the baseline period (see Figure 1,
main text) and solved the resultant system of equations for the baseline HbO,, HbR, and water
concentrations. Note, due to the small effects of oxCCO and redCCO on the absorption spectrum,
it was not feasible to recover absolute oxCCO and redCCO concentrations. Thus, using the same
approximation typically employed by traditional near-infrared spectroscopy (NIRS)
measurements,*® we ignored the effects of oxCCO and redCCO in the solution to Equation (2) at
baseline (i.e., baseline oxCCO and redCCO concentrations were set to zero in Equation (2)).

The recovery of temporal changes in oxCCO and redCCO concentration with respect to
baseline is tractable, if the total CCO concentration is assumed to remain constant.”® Then, the

differential change in the cerebral absorption spectra relative to baseline, i.e., Au,(Agg,t) =

ta(App,t) — (g (App))Baseline is:’



Aug(Agp, t) = enpo, (Agp)AHDO,(t) + enpr(Apg) AHDR() + £gitrcco (App)A0xCCO (t).  (3)
Here, AHbO, (t), AHDbR (t) and AoxCCO (t) are chromophore concentration changes relative to
baseline, and &gifrcco(Asg) = €oxccoAer) — Eredcco(Agg). We used the in vivo measurements of
aqiffcco(1gg) published elsewhere (“UCL Medical Physics and Biomedical Engineering | Medical
Physics and Biomedical Engineering - UCL — University College London,” n.d.). Prior work has
also suggested that the optimal wavelengths to use for deriving temporal oxCCO changes via
Equation (3) is the 780-900 nm subset of the broadband wavelengths.”® Thus, we solved the
system of equations given by Equation (3) for the 780-900 nm subset of wavelengths to obtain
the chromophore concentration changes.

To derive the absolute concentration of HbO, and HbR at each bDOS measurement
timepoint t, the recovered changes in concentrations obtained from Equation (3) were added to
the absolute concentrations at baseline obtained from Equation (2). Then the cerebral total
hemoglobin concentration (HbT), cerebral tissue blood oxygen saturation (StO2), and cerebral
oxygen extraction fraction (OEF) were calculated:? HbT(t) = HbO,(t) + HbR(t), St0,(t) =
HbO,(t)/HbT(t), OEF (t) = (Sa0,(t) — St0,(1))/(0.75 X Sa0,(t)). Note, Sa0,(t) in the OEF
calculation is the arterial oxygen saturation obtained from linear interpolation of the arterial blood

gas measurements (see Figure 1, main text).

S.4 Other Analysis Methods for the Determination of AoxCCO

Several different analysis methods have been used to quantify changes in oxCCO and
hemoglobin with optical spectroscopy. These include: 1) a modified Beer-Lambert scheme for
bDOS data using assumed differential pathlengths;**! 2) a modified Beer-Lambert scheme for
bDOS data using differential pathlengths estimated with either FD-DOS'*!® or derivative
spectroscopy!*!® measurements; 3) semi-infinite photon diffusion theory fits to multispectral time-

domain near-infrared spectroscopy data at 16 wavelengths,'®® and 4) semi-infinite photon



diffusion theory fits to hybrid bDOS and FD-DOS or time-domain data.'®2° In this contribution, we
employed the 4" method.

The benefits of photon diffusion theory compared to the modified Beer-Lambert scheme
include its higher accuracy for large chromophore concentration changes, and its ability to
account for changes in tissue scattering.'”*°2! Per the comparisons we mentioned in Section 4.3
of the main text, we used the 1% method (with assumed differential pathlength factor at 780 nm of

7.0) to analyze the data.

S.5 Routes of Hydrolysis of NV354 Succinate Prodrug to Succinate
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Figure S2: Schematic of the two potential routes of hydrolysis of the NV354 succinate prodrug (structural
formula, left) once it is inside the cell. Both routes lead to succinate (structural formula, top right).
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