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 Abstract—While standard optical oximetry systems make use of 

two/more wavelengths across the isosbestic point of oxy/deoxy-

hemoglobin and between 650 and 900 nm, this work explores the 

possibility to use only light at 1064 nm wavelength to detect the 

absolute oxyhemoglobin concentration in tissues using time-

domain diffuse optics. Furthermore, the possibility to exploit a 

1064 nm wavelength coupled with wavelengths of classical 

approaches is also discussed. Our findings demonstrate a 

reasonable overlap of the new approaches as compared to the 

standard one, with confined discrepancies potentially linked to a 

not established agreement in the scientific community on the exact 

value of extinction coefficients of tissue constituents beyond 1000 

nm, as well as to an increased penetration depth in the tissue at 

1064 nm due to a lower scattering coefficient as compared to the 

visible range. These findings open the way to further studies in the 

field, also given the increasing advancements in lasers and 

detectors at 1064 nm. 

 
Index Terms—Time-domain diffuse optics, tissue oxygen content, 

in-vivo measurements of hemodynamics, time-correlated single-

photon counting.  

 

I. INTRODUCTION 

INCE five decades, light is considered an attractive tool 

to non-invasively probe the human body down to a depth 

of few centimeters [1] for purposes encompassing 

oximetry, neurology and oncology [2]. Indeed, information 

about tissue composition and microscopic structure are encoded 

into the absorption (𝜇𝑎) and reduced scattering (𝜇𝑠
′ ) coefficient 

spectra, respectively. 

Among different near-infrared spectroscopy (NIRS) 
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measurement techniques, the adoption of a time-domain (TD) 

approach is recognized as the one with the highest informative 

content, since it permits to independently resolve 𝜇𝑎 and 𝜇𝑠
′  

even with a single measurement point and for its high depth 

selectivity related to the knowledge of the photons’ time of 

flight [3]. 

The number of constituents (chromophores) that can be 

independently estimated with NIRS is linked to the number of 

wavelengths used to probe the tissue. Indeed, at each 

wavelength (λ) the absorption spectrum - 𝜇𝑎(λ) - is the result of 

overlapping contributions by different chromophores [4] 

following the Lambert-Beer law. The independent retrieval of 

each chromophore concentration is possible by solving a 

system of equations through a matrix inversion, where the 

number of unknowns to be resolved (i.e., chromophore 

concentrations) must at least match the number of wavelengths 

adopted. The standard approach in optical oximetry is to focus 

on O2Hb and HHb only, assuming negligible (or constant and 

known) contribution from other chromophores like water and 

lipids. To retrieve the absolute concentration of both oxy- and 

deoxy-hemoglobin (O2Hb and HHb), at least two wavelengths 

across the isosbestic point (i.e., λ ≈ 800 nm) [5] are needed, 

while the use of λ < 650 nm or λ > 900 nm are normally avoided 

because of a high absorption from blood and water, 

respectively. 

Recently, the use of light at wavelengths beyond the water 

absorption peak at 970 nm (e.g., 1064 nm [6],[7],[8], where 

water exhibits a local absorption minimum) has been validated 

for diffuse correlation spectroscopy, a technique sensitive to the 

microvascular tissue blood flow, while the present work 
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considers the possibility to adopt 1064 nm light for NIRS. This 

approach can indeed bring several advantages, i.e.: i) a lower 

energy per photon, thus providing more photons per laser pulse 

and lessening the safety issue related to skin laser exposure; ii) 

a lower tissue scattering, thus potentially improving the 

penetration depth; iii) a broad availability of laser sources, also 

because of developments linked to their wide application for 

telecommunications; iv) a quasi-negligible extinction 

coefficient of HHb as compared to O2Hb, thus both bringing to 

the possibility to sense the absolute tissue oxygenation level by 

adopting a single wavelength approach, removing ill-condition 

issues of the matrix to be inverted as compared to the traditional 

two/more wavelength approach [4], and providing a viable 

alternative in the choice of the λ > 800 nm in a more traditional 

two/more wavelength approach, with the potential to improve 

the condition number of the matrix to be inverted. On the other 

hand, these advantages are counterbalanced by: i) a missing 

agreement in the scientific community on exact values of 

hemoglobin species extinction coefficients beyond 1000 nm 

[9]; ii) a low hemoglobin absorption in general with respect to 

water and lipids that makes their contribution not negligible 

beyond 900 nm [10]; and iii) a limited availability of time-

resolved (jitter of ≈ 100 ps) detectors with high diffuse optical 

responsivity [11], whose maximization requires the 

combination of a wide sensitive area and photon detection 

efficiency at this wavelength [12], thus limiting the maximum 

signal-to-noise ratio. 

 

 

 
Fig. 1. Experimental setup. 

 

In this context, the present work aims to provide a first 

preliminary evidence about the possibility to operate at λ = 1064 

nm to estimate the absolute concentration of O2Hb in vivo, 

independently of other chromophores. Further, its use in a dual 

wavelength approach is also discussed. Results are compared 

with those obtained using a standard system working at 

two/more wavelengths across the isosbestic point. 

II. MEASUREMENTS PROTOCOL AND DATA ANALYSIS 

To explore the possibility to use the 1064 nm wavelength to 

recover the absolute concentration of O2Hb in tissues, we used 

the setup shown in Fig. 1, which hosts two different laser 

sources: a custom made tunable Titanium-Sapphire (Ti:Sa) 

laser with active mode-locking and acousto-optical modulation 

[13] providing pulses at λ = 1064 nm (repetition rate: 100 MHz) 

and a commercially available multichannel laser driver (LD, 

Sepia PLD 828 from Picoquant GmbH) connected to two 

pulsed diode source laser heads (LH670 and LH830, LDH-P-

C-670M and LDH-PC-830M from Picoquant GmbH) at λ = 670 

nm and λ = 830 nm, with repetition rate of 40 MHz. A timing 

reference signal (Sync) is derived from the optical beam of the 

Ti:Sa laser by taking a small fraction of the beam power through 

a beam splitter (BS), which is detected by a photodiode (PD). 

The timing reference for the diode laser is instead generated by 

the LD itself, and then split into two identical signals through 

an electrical signal splitter (SS). Each Sync signal is then 

connected to a PC-hosted Time-Correlated Single-Photon 

Counting Board (TCSPC, SPC-130 from Becker&Hickl 

GmbH, one per wavelength). Light exiting from the lasers is 

attenuated using variable optical attenuators (VOAs) and then 

injected into the sample through step index multimode silica 

optical fibers. The three collection fibers (one per wavelength) 

are 1-mm diameter core silica ones. Each collection fiber 

collects photons re-emitted from the tissue under investigation, 

which are then focused onto a single-photon detector (Silicon 

PhotoMultiplier -SiPM- module [14], one per wavelength) 

through a pair of 1 inch achromatic lenses with focal length of 

30 mm. An interference filter (IF) was inserted in the collimated 

beam so as to record a single wavelength on each detector. 

When a photon is detected, an electrical pulse is generated by 

the SiPM and fed to the TCSPC board. The Instrument 

Response Function (IRF) was recorded and its full width at half 

maximum was computed to be around 180, 285 and 170 ps for 

670, 830 and 164 nm wavelength respectively. The source-

detector distance was set to 3 cm and fibers were arranged to 

probe the same volume of the sample. The in-vivo 

measurements were conducted on 4 healthy volunteers, after 

obtaining their written informed consent. The measurements 

got approved by the Ethical Committee of Politecnico di Milano 

and they were conducted in compliance with the Declaration of 

Helsinki. The task consisted of both arterial and venous 

occlusions induced with the sphygomanometer cuff inflation 

with the following timing: i) 60 s of baseline recording phase; 

ii) 180 s of arterial occlusion (cuff inflated well above the 

systolic pressure of the subject, i.e. 250 mmHg for all subjects); 

iii) 240 s of recovery phase; iv) 60 s of venous occlusion (cuff 
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inflated between the specific systolic and diastolic pressure of 

each subject); v) 60 s of recovery. During the overall 10 minutes 

of acquisitions for each subject, measurements were taken with 

an integration time of 0.5 s. The O2Hb and HHb concentration 

was computed using the modified Lambert-Beer law. The 

extinction coefficient for the two chromophores at the three 

wavelengths of the system where taken from Ref. [15]. Not 

depending on the approach used, to retrieve the concentration 

of the O2Hb and HHb, the 𝜇𝑎 due to the both hemoglobin 

species is needed. It was computed, together with the 𝜇𝑠
′  values, 

fitting the experimental curves to the radiative transfer equation 

under the diffusion approximation [16],[17]. The finite 

response of the system was taken into account convolving the 

theoretical curve with the acquired IRF of the system. In all 

cases, the value of 𝜇𝑎 due to the O2Hb and HHb where derived 

after the subtraction of both water and lipid contributions, 

supposing the overall composition to be 30% and 70% 

respectively [18]. Furthermore, when recovering both O2Hb 

and HHb, a subject specific water fraction has been estimated 

using baseline acquisitions and supposed to be constant during 

the whole task. To do so, the three wavelengths have been 

simultaneously considered to solve the modified Lambert-Beer 

law. 

III. RESULTS AND DISCUSSION 

Fig. 2 represents the variation of O2Hb concentration with 

respect to baseline for all subjects (rows) recovered using the 

single wavelength approach (1064 nm) and compared with the 

standard NIRS approach (i.e., solving the system using two 

"standard" wavelengths – 670 and 830 nm – thus recovering 

both O2Hb and HHb). Baseline values computed in the first 15 

s of the exercise are reported in Table I. For the first 30 s of the 

arterial occlusion, the O2Hb concentration variation recovered 

using only 1064 nm or the standard NIRS system are 

overlapped. At larger times, the value recovered using the 1064 

nm wavelength keeps decreasing, while the standard 2-

wavelength system seems to reach a plateau. Moreover, as 

reported in Table I, the baseline value of O2Hb concentration 

recovered using the pure 1064 nm is higher than what computed 

using the standard NIRS approach (except for subject 2). As 

soon as the arterial occlusion is removed, the agreement on the 

O2Hb concentration recovered with both systems is restored. 

For what concerns the venous occlusion, the variation in O2Hb 

concentration for the two cases is fairly comparable also in 

terms of slope (except for some discrepancy in subject 3, though 

the general shape and ripples are preserved).  

Regarding the overestimation of both the O2Hb baseline and 

variation when using the 1064 nm alone, the cause may be 

ascribed to several factors, such as: i) a non-correct value of the 

O2Hb and HHb extinction coefficient at 1064 nm, which is not 

extensively reported in literature; ii) to the different penetration 

depths explored by photons (photons at 1064 nm are expected 

to experience a higher penetration depth, about 22% higher) 

[16], which may determine a different O2Hb concentration, 

while HHb is less affected as veins are in general more 

superficial than arteries; iii) to the contribution of 

 
Fig. 2. Concentration of O2Hb retrieved using the standard 

NIRS system (employing 670 and 830 nm, orange lines) and 

with the single wavelength approach (1064 nm, blue lines). 

Each graph represents a single volunteer. 

 

additional absorbers (e.g. water, lipids). 

So far, we investigated the capability of 1064 wavelength alone 

to detect O2Hb variations. As a further insight we explored the 

usefulness of the same 1064 wavelength combined with another 

"standard" wavelength to detect both O2Hb and HHb. Fig. 3 

reports the variation of O2Hb and HHb concentrations with 

respect to the average baseline value (reported in Table I). 

Three cases are considered, namely: i) 670 and 830 nm (i.e., the 

standard NIRS approach); ii) 670 and 1064 nm (i.e., a 

combination where the former wavelength mostly probes HHb, 

while the latter is almost insensitive to HHb); iii) 670, 830 and 

1064 nm with the idea to improve the robustness of the retrieval 

of O2Hb and HHb, adding a third equation.  

For the O2Hb variation (Fig. 3 left), it is clear that the use of 

1064 nm always determines an increase in the reported changes. 

In-fact, while using the two-wavelength (i.e., 670 and 1064 nm) 

configuration, the O2Hb reaches higher variation with respect 

to the standard NIRS system (i.e., 670 and 830 nm), on the other 

hand, if the 1064 nm is added to 670 and 830 nm, the recovered 
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concentration is in between the other two cases. Moreover, if 

the subject specific water content is extrapolated from the data 

(using the case with 3 wavelengths available), we see no 

significant differences in the retrieved concentration changes of 

O2Hb as compared to the 30% water and 70% lipid assumption. 

For what concerns the HHb change (Fig. 3 right), no major 

variations are observed, as expected, notwithstanding the 

method use to estimate the water content.  

Looking now at the baseline concentrations (see Table I) for 

unconventional NIRS approaches (i.e., “670, 1064 nm” as well 

as “670, 830, 1064 nm”), it is possible to notice a good 

agreement with the standard NIRS approach (i.e., “670,  
 

 

Fig. 3. Concentration of O2Hb (left) and HHb (right) retrieved using the standard NIRS system (employing 670 and 830 nm, blue 

lines), 670 and 1064 nm (red lines) and 670, 830 and 1064 nm (dark green lines) for all volunteers (rows). Light green curves 

indicates the attempt to fit the subject specific water content. 
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TABLE I 

AVERAGE BASELINE VALUE OF O2HB AND HHB 

CONCENTRATION COMPUTED FOR THE DIFFERENT 

COMBINATIONS OF WAVELENGTHS USED IN THE EXPERIMENTS 

(IN BRACKETS ARE REPORTED VALUES COMPUTED FITTING THE 

WATER CONTENT). 

 

Subject 

O2Hb baseline 

concentration [µM] 
HHb baseline  

concentration [µM] 

1064 

nm 
670, 

830 

nm 

670, 

1064 

nm 

670, 

830, 

1064 

nm 

106

4 

nm 

670, 

830 

nm 

670, 

1064 

nm 

670, 

830, 

1064 

nm 
1 95.1 91.2 

 

91.3 
 

91.2 

(72.6) 
NA 33.4 

 

33.4 
 

33.4 

(34.2) 

2 84.8 89.9 80.9 
 

86.0 

(73.0) 

NA 34.7 
 

35.6 
 

35.3 

(35.3) 

3 105.8 94.8 
 

100.8 

 

97.4 

(75.5) 
NA 45.4 

 

44.7 
 

44.9 

(45.8) 

4 89.7 71.6 
 

86.8 

 

78.1 

(51.0) 
NA 27.8 

 

26.2 
 

26.7 

(28.9) 

 

830 nm”). However, when estimating the subject specific water 

fraction, the retrieved O2Hb values are lower for all the subjects, 

while consistency is preserved for HHb. This may be due to the 

unrealistic retrieved value of water fraction (in the order of 120-

130%), most probably resulted in particular from neglecting 

other absorbers playing a role at 1064 nm, such as lipids and 

collagen, as well as again to the different penetration in the 

tissue at 1064 nm.  

IV. CONCLUSIONS AND FUTURE PERSPECTIVES 

To the best of our knowledge, in this manuscript we present 

for the first time the use of the 1064 nm wavelength for in-vivo 

time-domain NIRS measurements related to hemodynamics. 

We firstly demonstrated that the use of a wavelength longer 

than 900 nm (in our case 1064 nm) can enable the retrieval of 

O2Hb even using a single wavelength. The results obtained 

show that the quantification of O2Hb changes in concentration 

is feasible even using only 1064 nm despite some discrepancies 

with respect to the value recovered with a standard NIRS 

system (e.g., based on 670 and 830) are observed. Also for what 

concerns the absolute value of O2Hb concentration, an 

overestimation of the baseline value is reported when using the 

single wavelength approach. 

Secondly, we tested the possibility to use the 1064 nm as a 

second (or even third) wavelength used in the retrieval of both 

O2Hb and HHb. Also in this case, discrepancies in temporal 

changes with respect to the standard NIRS system are reported. 

All these discrepancies, found when using the long wavelength, 

could be partially ascribed to several reasons such as i) the 

difficulties to find reliable extinction coefficient for O2Hb and 

HHb; ii) a different penetration depths explored by photons; iii) 

the contribution of additional absorbers (e.g. water, lipids). 

However, these may also be due to an increased depth of 

investigation within the tissue because of the inverse 

dependence on wavelength of the reduced scattering 

coefficient, thus opening the way to new approaches in the field 

of NIRS. Moreover, possible different behaviors in the O2Hb 

concentration can be due to the choice of a simple homogeneous 

model for the fitting procedure yet realistic for a massive 

response as for arterial and venous occlusion. In future, 

theoretical works to better understand the effect of the long 

wavelength (in this paper, 1064 nm) are foreseen as well as 

measurements to gather precise extinction coefficient for both 

O2Hb and HHb over a large wavelength range. 
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