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36 N, 133 60.1 2 1.27 0.974
37 N, 131 54.3 2 0.49 0.940
38 N, 128 515 2 4.45 0.955
39 N, 125 50.6 2 0.78 0.980
40 N, 80 59.0 2 2.4 0.977
M v 70 64.1 2 3.46 0.913
42 v 62 57.7 2 1.41 0.904

Table S1. All unique vessels analyzed for repeatability in Fig. 4c. ‘A’ indicates artery and

‘V’ indicates vein.

Comparing depth-averaging with slope for estimation of attenuation coefficient

Depth Avg. (A) Slope (A) Depth Avg. (V) Slope (V)
Success % 100 (n=72) 64 (n = 46) 100 (n = 53) 66 (n = 35)
Average sO, (%) 95.1 90.4 58.5 56.8
SD sO; (%) 51 8.92 4.3 10.71
Average Fit R? 0.95 0.92 0.94 0.92

Table S2. Comparison of depth-averaging and slope methods for vis-OCT retinal

oximetry

Figure S3. Coefficient of variation ratio between slope and depth averaging methods for
estimating attenuation coefficient. Exponential decay model from Eq. S3 is used for
calculations. a; is attenuation coefficient estimated by slope method; ; is proportional to

a, and estimated by depth averaging method.

Empirically, we found that depth-averaging the natural logarithm of the SDA-lines
yielded less noisy spectra, as compared with the slope method (see Methods -
Comparison of depth-averaging and slope methods). We verified these empirical

observations by Monte Carlo simulation. To begin, we applied the slope method and depth-
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841  averaging method to the equation of a line, which is predicted by Eqn. 7 in Methods. (for
842  simplification, removing small effect of LCA):

843 y(x) = —ayx + oy, (S1)
844  where a; isan arbitrary constant and oy is random, normally distributed noise. x was a 30-
845  pixel vector ranging from 0 to 35 um for the depth selection window. We used the slope
846  method to compute the slope of Eq. S1 and directly find «;. We used the depth-averaging
847  method to compute the average value of Eq. S1 (similar to Eq. 8) to find the constant 8, «
848 ;. We computed 10° iterations of such measurements, and then measured their

849  coefficients of variation:

g hod
850 CVimethoa = mi (82)

851  where CVpetnoa 1S the coefficient of variation of the measured a; or B; from each
852  respective method, 0,,0¢n0q 1S the SD of the measured a; or §; from each respective
853  method, and p,,.¢n0q 1S the average of the measured a4 or 5; from each respective method.
854  We computed CV,,otnoq TOr a; = 400 cm™ to a@; = 600 cm™ in an increment of 20 cm?,
855  which covered the reported attenuation coefficients of blood in the visible-light spectral
856  range for W = 0.064. We used normally distributed noise with amplitude o, = 0.02 (arb.

857 units), which was a relative noise typically observed in vivo. For each value of a;, we

858 calculated ;‘:"‘1, which compared the relative uncertainty of the slope method to the depth-
B1
859  averaging method. For all values of a,, g"‘l converged to 1.67. In general, we found that
B1
860  value of ;‘/’i was independent of a;and gy . This suggested that the depth-averaging
B1

861 method had an intrinsic noise reduction advantage of 67% over the slope method for
862  additive, normally distributed noise.

863 In reality, however, the SDA-lines follow an exponential decay with the additive
864  noise. We applied a natural logarithm to this function:

865 Y2 (x) = In (e ** + agy). (S3)
866  One frequent assumption by the slope method is that signal is significantly greater than
867  noise, or e~ %1* > gy, after which Eq. S3 would converge to a noiseless version of Eq. S1.
868  However, in the human retina, SNR is often low, and this assumption might not be correct.

869  Tothisend, the noise in Eq. S3 after the natural logarithm is less trivial than in Eq. S1 since
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870 there is no longer a linear relationship between a; and g,. We repeated the simulation

871  described above, except we generated the signal and noise using Eq. S3. Fig. S3 plots ?‘:ﬁ

B1

872  for this simulation. Like the analysis from Eq. S1, the coefficient of variation using the

873  slope method is always higher than that using the depth averaging method. However, the

CVq, - . . . . . .
874 Cvﬁ IS not constant and increases with increased ;. This is because the relationship
B1

875  between a; and oy is nonlinear in Eg. S3. This has important implications for the slope
876  method in sO2 calculation, since the measured blood spectrum can have different noise
877 levels for different wavelengths and for different depth selection windows. In this work,
878  we demonstrated empirically that depth averaging is statistically advantageous over the
879  slope method for sO2 calculation, consistent with the simulation.

880

881  Longitudinal Chromatic Aberration vis-OCT Retinal Oximetry
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883 Figure S4. Simulation of LCA in human eye and influence on vis-OCT retinal oximetry.
884 (@) CFS in human eye simulated by Zemax software; (b) Transfer function of the LCA on
885 vis-OCT SDA-lines. Colors depict central wavelength of STFT window; (c) Simulated

886 LCA contribution to measured spectrum after AS-OCT processing; (d) Simulated sO,
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887 measurement without LCA correction when focus at 550 nm is 50 um above the anterior

888 vessel wall; (e) Simulated sO, measurement without LCA correction when focus at 550

889 nm is 50 um below the anterior vessel wall; (f) Simulated sO, measurement with LCA

890 correction for all focus positions

891

892 We developed an approach for fitting LCA transfer functions to sO2 measurement

893  using the physical optics of the human eye. First, we simulated the CFS in the human eye
894  model from Polans et al. (56) using Optic Studio 16 (Zemax, Kirkland, Washington). Since
895 the wavelength ranges and lateral resolutions of the vis-OCT systems used in this study
896  were approximately the same (see Methods — Vis-OCT Systems), we used the same CFS
897  for both systems (Fig. S4a). The simulated chromatic focal shift (CFS) CFS is consistent
898  with that previously measured in the human eye (57). Then, we calculated potential LCA
899 transfer functions using a modified version of the equation used in (58) to account for

900  spectroscopic analysis:
1

Z=Zf 0~ CFS(A,z) 2
< 2zyr(4) )

901 A}, z) =

(S4)

902  where zg,_ is the reference focusing depth at 550 nm, CFS(4, z) are the chromatic focal
903 shifts, and z,. (1) are the wavelength-dependent Rayleigh lengths (assumed refractive index
904 =1.35and 1/e? spot size = 7 um). We calculated 41 LCA transfer functions up to Zp o =

905 100 um above and below the anterior wall of a simulated vessel in 5 um increments. Fig.

906  S4b illustrates a simulated LCA transfer function (1/A(4,z)) for zs ., focused at the

907  anterior vessel wall. Then, we normalized \/A(4, z) by its spectral profile at z, = 12 um

908 into the simulated vessel lumen, consistent with typical sO2 measurements, and took its
909  natural logarithm. We found LCA,,4(4,z) by averaging the normalized In (M)
910 from z, =16 umto z, + Az = 46 um into the vessel lumen (Eqn. 7), also consistent with
911  typical sO2 measurements. To create the LCA lookup table, we saved LCAgy4(4, 2) for

912  each of the 41 focal positions (Fig. S4c).
913 To understand potential influence of LCA on sO2 measurement, we simulated
914  SDA-lines in a vessel consistent with the Beer-Lambert law and the attenuation spectra in

915  Faber et. al (23). We multiplied \/A(4, z) at each focal position with the SDA-lines to
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916 account for LCA (Eqgn. 1) and took its natural logarithm. We averaged the spectrum at the
917  same depths used to find LCA,,4(4,z) (Egn. 8 in Methods). We noted that for all
918  simulated physiological sO2 measurements (sO2 = 40% to sO2 = 100%) and focal positions,

919  the peak-to-peak amplitude of LCA,, (4, z) was less than 0.25 times the peak-to-peak

920  amplitude of p,,, (1) [(z0 —z,) + %] We used this relationship to constrain physically

921  reasonable LCAgy,4(4,2) to avoid overfitting this parameter in the sO2 measurement.
922  Furthermore, since the above constraint described relative amplitudes only, it was
923  independent optical power incident on the vessel.

924 We measured sOz in the above simulation without and with LCA fitting described

925  in Methods — Oximetry Fitting Model. We measured sOzfor up to z5_ = 100 um above
926  and below the anterior wall of a simulated vessel in 5 um increments. Measurements were
927  derived from simulated SDA-lines of oxygen-dependent spectra from sO2 = 40% to 100%.
928  Figs. S4d and S4e plot sO2 measurements without fitting the contribution of LCA,, 4 (4, z).
929  Fig. S4d shows sO2 measurements for z5,_ =50 um above the vessel anterior wall and Fig.
930  S4e shows sO2 measurements for z, = 50 um below the anterior wall. When z; = 50
931 um above the anterior wall, sO2is underestimated. When z;_ =50 um below the anterior

932  wall, sOzis overestimated. Fig. S4f plots sO2 measurements with fitting the contribution of

933 LCAgyg(4, 2), as described in Methods — Oximetry Fitting Model. For all values of zy__ ,

934  measured sO2 matches the ground truth sO2 with a slope of 1.

935 We recognize this is a simplified approach may not have fully appreciated the exact
936 influence of LCA in each recorded image. Nevertheless, such corrections are based on the
937  well-verified aberrations and defocusing in the human eye. More precise LCA correction
938 may be reached with a wavefront sensor and adaptive optics to directly measure
939  wavelength-dependent aberrations, although they add expense and complexity to the vis-
940  OCT system. The influence of LCA can also be reduced by employing an achromatizing
941 lens (30) in the sample arm of the system. Additionally, our vis-OCT systems used a
942  focusing beam diameter (1/e?) of 7 um. Decreasing beam diameter at the cornea and
943 increasing depth of focus can also reduce influence of LCA on sO: calculation, although it
944  may challenge laterally resolving smaller vessels.

945
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Depth-resolved spectral analysis
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Figure S5. SDA-lines features. (a) SDA-lines from vein in human retina. Color bar
represents central wavelength of STFT window. z,, indicates depth of normalization
where SDA-lines start to decay in amplitude; (b) Magnified B-scan where SDA-lines in

(a) were measured. SDA-lines were averaged laterally within yellow dashed lines
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954 Figure S6. Spectroscopic normalizations in the human retina. (a) vis-OCT B-scan. Vessels labeled V3 and
955 V4 both identified as veins. Arrows highlight anatomical features used for normalization. (b-e) Measured
956  spectrum (blue line) and literature-derived spectrum for sO, = 61.3% (back dashed line) in V3 for no
957 normalization, normalization by the RNFL, normalization by the vessel anterior wall, and normalization by
958 the start of signal decay in blood, respectively. (f-i) The same analysis for Fig. S6b-S6e is replicated for V4.
959

960 Fig. S6a shows the same vis-OCT B-scan as in Fig. 3a (see Methods), with vessels V3 and
961 V4, two veins, highlighted. We tested spectroscopic normalizations in V3 and V4 (Fig.
962  S6b-S6i) in the same ways depicted in Figs. 3b-3i. Like in Figs. 3b-3i, the only
963  normalization agreeing well with the literature is the decay start normalization, indicating
964 removal of spectral contaminants. The other normalizations do not agree well with the
965 literature and are not necessarily consistent across different vessels. For example, the
966 anterior wall normalization for V3 (Fig. S6d) shows agreement between the measured and
967  predicted spectrum only for wavelengths shorter than 540 nm. Such trend is not seen in V4

968  (Fig. S6h), where the measured spectrum has a higher contrast “W” shape. Notably, vessels
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V3 and V4 are smaller in diameter and buried deeper under the RNFL than vessels V1 and
V2 in Fig. 3. Nevertheless, removal of spectral contaminants allows for accurate spectral

measurement.
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Figure S7. Measured STFT spectra from the highest and lowest mean-squared-error (MSE) in the spectral
stability matrixes in Fig. 4. (a) Measured STFT spectra from Fig. 4a. Black lines plot nine spectra after depth
perturbations for the highest MSE (black box in Fig. 4a) and blue lines plot nine spectra after depth
perturbations for the lowest MSE (green box in Fig. 4a). (b) Same analysis as (a) but for the spectral stability

matrix in Fig. 4b. Red lines indicate lowest MSE.
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981 Figure S8. Spectral stability analysis in human retinal vessels. (a) Spectral stability matrix (SSM) for vessel
982 V3 from Fig. S6a. Green box highlights lowest mean-squared-error (MSE) and black box highlights highest
983 MSE; (b) Spectra in V3 after nine depth perturbations for the lowest MSE (blue lines) and highest MSE
984 (black lines) in Fig. S8a, respectively. (c) SSM for vessel V4 from Fig. S6a. Green box highlights MSE and
985 black box highlights highest MSE. (d) Spectra in V4 after nine depth perturbations for the lowest MSE (red
986 lines) and highest MSE (black lines) in Fig. S8c, respectively.

987

988  Fig. S8 shows the spectral stability analysis for vessels V3 and V4 in Fig. S6a. The analysis
989 is the same as that shown for vessels V1 and V2 in Figs. 4 & S7. The spectra selected at
990 the lowest MSE of the SSM (Figs S8b and S8d) are stable in response to depth perturbations
991 and are therefore consistent with the Beer-Lambert model of attenuation. We note that Fig.
992  S8c shows a smaller depth range than Fig. S7a, which is due to the smaller profile of the

993  vessel.
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