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Abstract: Reliable, continuous and noninvasive blood flow and hemoglobin monitoring in 
trauma patients remains a critical, but generally unachieved goal. Two optical sensing 
methods - diffuse correlation spectroscopy (DCS) and diffuse reflectance spectroscopy (DRS) 
– are used to monitor and detect internal hemorrhage. Specifically, we investigate if 
cutaneous perfusion measurements acquired using DCS and DRS in peripheral (thighs and 
ear-lobe) tissues could detect severe hemorrhagic shock in a porcine model. Four animals 
underwent high-grade hepato-portal injury in a closed abdomen, to induce uncontrolled 
hemorrhage and were subsequently allowed to bleed for 10 minutes before fluid resuscitation. 
DRS and DCS measurements of cutaneous blood flow were acquired using fiber optical 
probes placed on the thigh and earlobe of the animals and were obtained repeatedly starting 
from 1 to 5 minutes pre-injury, up to several minutes post shock. Clear changes were 
observed in measured optical spectra across all animals at both sites. DCS-derived cutaneous 
blood flow decreased sharply during hemorrhage, while DRS-derived vascular saturation and 
hemoglobin paralleled cardiac output. All derived optical parameters had the steepest changes 
during the rapid initial hemorrhage unambiguously. This suggests that a combined DCS and 
DRS based device might provide an easy-to-use, non-invasive, internal-hemorrhage detection 
system that can be used across a wide array of clinical settings. 
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1. Introduction 

There is an unmet need to non-invasively detect and monitor internal bleeding caused by 
trauma in civilians and warfighters. Injury can result in occult hemorrhage and severe shock, 
which if not diagnosed and treated early, can result in significant morbidity or death [1–3]. 
When detected early, interventions can dramatically reduce the mortality rate of hemorrhage. 
Noninvasive measures that can detect hemorrhage and shock may be useful, particularly in 
the prehospital or battlefield environment, when standard measures of shock (such as blood 
pressure) are unreliable, difficult to obtain, or simply not available. 

In response to hemorrhage, blood from the skin and extremities is shunted by vascular 
constriction to maintain perfusion to vital organs such as brain and kidneys [4–6]. 
Additionally, standard physiological indicators such as blood pressure and heart rate are not 
reliable indicators of severe bleeding until all physiologic reserve has been exhausted [7, 8]. 
An ideal indicator of hemorrhage would be expected to correlate with blood loss, while also 
possessing a large dynamic range such that subtle changes in homeostasis during early stages 
of hemorrhage are resolved. Further, these indicators of hemorrhage should be noninvasive, 
continuous, and not require significant operator skills (such as a standard 
sphygmomanometer). 

Near infrared or visible diffuse reflectance spectroscopy (DRS) is a spectroscopic 
technique that non-invasively captures the diffusely reflected spectrum from a (tissue) surface 
of interest and allows extraction of tissue hemoglobin concentration and oxygenation [9]. 
Both these hemodynamic parameters obtained via DRS methods have been widely explored 
to monitor shock and have previously been well-reviewed [10–15]. 

Although, tissue hemoglobin saturation and concentration are important physiological 
markers that are impacted by shock, peripheral tissue microcirculation would also be 
significantly impacted and could provide additional information to detect shock. Diffuse 
correlation spectroscopy (DCS) is a laser light scattering technique method that has been 
developed to characterize (micro)vascular flow and has been used to monitor tissue blood 
flow across several different studies [16–18]. 
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Towards that end, we present a pilot study that used two optical methods – DCS and DRS 
– that were used together to continuously monitor tissue hemodynamics in a swine model of 
hemorrhagic shock. It was hypothesized that noninvasive measurements of DCS (to detect 
microvascular blood flow) and DRS (to detect tissue hemoglobin concentration and 
saturation) within peripheral tissues would capture systemic physiological changes during 
uncontrolled hemorrhage. 

2. Methods 

2.1 Animal study protocol 

The study was approved by the Institutional Animal Care and Use Committee of 
Massachusetts General Hospital. Female Yorkshire swine, 38-48 kg, were utilized following a 
period of cage adjustment and a 12 hour pre-operative solid-food fast. Following induction of 
general anesthesia, all animals were invasively instrumented and monitored according to 
previously described methods [4, 7, 8]. Animals underwent Swan-Ganz thermodilution 
pulmonary artery catheter placement and arterial monitoring via cut-down in the neck. The 
liver was instrumented at laparotomy with percutaneous cutting wires, such that distraction of 
the wires (after laparotomy closure) resulted in severe, uncontrolled hemorrhage in the 
hepatic and portal vein and sudden, massive hypotension. Lactated Ringer’s resuscitation was 
initiated ten minutes after injury and animals were resuscitated to a goal mean arterial 
pressure (MAP) of 65 mmHg. A time-series of optical DCS and DRS were made on opposite 
thighs from N = 4 animals. Optical measurements for each animal spanned time points from 
baseline (pre-injury) through recovery. Figure 1 shows images of the optical probes placed on 
an animal prior to start of the experiment. A second DCS measurement was also made across 
the animal’s ear (in transmission mode, and is shown in Fig. 1(b)). The locations of probe 
peripheral sites were chosen, mainly, regarding practical convenience for experimental access 
during the surgical protocol. 

2.2 Instrumentation and data acquisition 

 

Fig. 1. Images of the animal preparation along with optical probes. Figure 1(a) shows the 
probes on the thighs of the animal while Fig. 1(b) shows the ear (transmission) DCS probe. 

2.2.1 DCS 

Fiberoptic-based DCS measurements were obtained using a custom-built instrument 
described previously [19, 20]. Two narrow linewidth (<0.02nm, coherence length > 5m) 
power stabilized 50mW laser diodes, operating at 785 nm (Thornaby Inc., Newton, NJ used 
for the ear-channel and Innovative Photonics, Monmouth Junction, NJ used for the 
reflectance channels) were each coupled to two 200 µm optical fibers that delivered nearly 
1mW of power to tissue sites of interest. Diffusely reflected and transmitted optical signal 
were detected by three, separate, 10 µm diameter optical fibers (two in reflection mode and 
one in transmission). Although there were two different laser sources used, their coherence 
properties were similar and provided reliable signals across all DCS channels. In the 
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reflection mode, the center-center distances for the source-detection fiber-pairs were 0.2 cm 
and 1cm, while the diffusely scattered transmission was recorded across the earlobe via single 
input and output fibers (See 1A and 1B). The detection fibers were each coupled to three 
separate single photon-counting modules - the two reflection probes to the ID120 (ID 
Quantique, Geneva, Switzerland and the transmission channel to an SPCM-AQRH (Excelitas 
Tech. Corp., Waltham, MA). Outputs from each were fed into an 8-channel digital 
autocorrelator (Flex05-8ch, Correlator.com) to calculate intensity autocorrelation functions 
(g2(τ)). 

Data were collected sequentially – from 0.2 cm channel first, the 1 cm channel next, and 
last from the transmission probe. For each animal, the DCS instrumentation was set up as the 
animal was being prepared for the surgery and baseline measurements were started as soon as 
the animal was anesthetized. Each DCS correlation per channel lasted nearly 4 seconds and 
thus, a complete set of DCS scans were obtained nearly every 12 s. Longitudinal scans were 
manually triggered and obtained for each animal for total durations ranging from 5 to 20 
minutes of baseline and till resuscitation was initiated. More than 150 DCS scans were 
obtained per animal (from start to resuscitation). 

2.2.2 DRS 

A single-channel, portable, fiber-optical diffuse reflectance spectroscopy system described 
previously was used to acquire DRS measurements [21]. Light from a Halogen lamp 
(HL2000, Ocean Optics, Dunedain, FL) was coupled to one end of a custom-built bifurcated 
fiber probe containing two 600 μm diameter optical fibers. Light was delivered to the tissue 
surface using one of these fibers and the diffuse reflectance from the thigh was collected by a 
second identical optical fiber that was placed 2.6 mm from the source fiber. The detected light 
was coupled to a spectrometer (USB4000, Ocean Optics, Dunedain, FL) to record the diffuse 
reflectance from the tissue. (See Fig. 1(a) for the placement of the DRS fiber probe on a 
representative animal). Along with collection of tissue reflectance signals, reflectance data 
were acquired (at the beginning and the end of each animal run) from a 99% white spectralon 
reflectance standard (Labsphere, North Sutton, NH, USA) and from a calibrated, homogenous 
solid tissue phantom block (INO, Hamilton, Ontario, Canada). 

Like the DCS measurements, DRS reflectance scans were collected longitudinally for 
each animal, beginning with animal anesthetization. Each DRS scan required an integration 
time of 100 ms and longitudinal scans were manually triggered and obtained from each 
animal for total durations ranging from 35 to 90 minutes. More than 230 DRS scans were 
obtained per animal (from baseline to resuscitation). 

2.3 Data analysis 

2.3.1 DRS 

The collected diffuse reflectance spectra were stored and subsequently analyzed using a 
Monte Carlo based inverse model over a spectral region spanning 480-800 nm as described 
previously [22]. Briefly, each measured spectrum was background corrected for dark noise 
correction and normalized by 99% reflectance standard. This normalized diffuse reflectance 
spectrum, together with the normalized reflectance measurement from the reference phantom 
was input into the inverse Monte Carlo to generate a model-predicted, calibrated diffuse 
reflectance spectrum (see Fig. 2(b) for representative measured and fit data). The parameters 
for fitting included the A and b coefficients to model the reduced scattering coefficient of the 
medium: μ’s(λ) = Aλ-b and the concentrations of the oxy- and deoxy-hemoglobin 
concentrations, [HbO2] and [dHb], respectively, in the tissue volume probed as detailed 
previously elsewhere [21, 23]. These concentrations were summed to yield the total 
hemoglobin concentration ([THb] = [HbO2] + [dHb]) and the vascular saturation (100 × 
[HbO2]/ [THb]). 

                                                                              Vol. 9, No. 2 | 1 Feb 2018 | BIOMEDICAL OPTICS EXPRESS 573 



2.3.2 DCS 

Since our DCS measurements included data that were obtained in the transmission mode (Ear 
channel) as well as short-source detector reflection geometry (0.2 cm channel), the DCS data 
were analyzed using two different techniques. 

The first method was heuristically developed and sought to associate a τ0.5 value for each 
measured intensity autocorrelation [24]. The τ0.5 value provides a unit of time characterizing 
the correlation time when g2(τ) had decayed to half the difference of the mean value of g2(τ) 
during early intervals (10−6-10−5 s) and late intervals (1-2 s). (See Fig. 2(a) for a schematic 
illustration). The reciprocal of the τ0.5 value was used to represent a flow-index (in AU) and 
represents a simple scalar factor to quantify the decay of a given autocorrelation trace. Thus, 
DCS scans (for each channel and each measurement point) were translated into a 
corresponding 1/τ0.5 flow-index value. This method was empirical in nature and only required 
experimental data to derive the flow-index. 

The second method was a theoretical fit of the intensity autocorrelation using the well-
established diffusion theory based expression for the unnormalized field correlation measured 
using reflectance geometry from a semi-infinite medium [25]. This closed-form expression 
included dependence on both the tissue optical absorption and scattering coefficients and on 
the movement of scatterers, which was set to be of the Brownian form here [16]. The fitting 

process yielded an effective flow parameter, which is expressed here as BDα , following 

same notations used previously [16, 26]. Although all three DCS channels were modeled 
using the same analytical expression, the theory is only expected to be valid for 
measurements obtained from the 1cm channel (since data for the 0.2 cm source-detector 
geometry may not be accurately modeled via diffusion theory and the semi-infinite model of 
reflectance has different functional form transmission through thin-slab [27, 28]). 
Additionally, the data for all DCS scans (for each channel) were fit to tissue absorption and 
scattering coefficients obtained from DRS that were matched in time to the closest DCS 
scans. 

2.3.3 Time synchronization between DCS and DRS 

Since the DCS and DRS signals were collected on separate machines and involved two 
independent operators, a relative time-scale was constructed using the time-stamps of the 
stored data on each machine in seconds. On this scale, each animal is adjusted so that the 

 

Fig. 2. Representative DCS signal measured for the ear channel (Fig. 2(a)) and DRS spectra 
(Fig. 2(b)) acquired before injury (black curves - baseline) and 100s post injury (red curves - 
bleed) for one animal. Figure 2(a) illustrates how τ0.5 (see text) was computed for each trace. 
Figure 2(b) shows the corrected DRS spectra measured in the same animal, at nearly the same 
times as the DCS curves (symbols) and the corresponding MC fits (lines). 

injury point is marked as t = 0. This process naturally induced some uncertainty in marking 
exact timing of each acquisition for comparisons between DRS and DCS data. Given that 
experimental DCS scans for all channels were recorded every 12 s, while the sampling rate of 
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the DRS scans were manually triggered at 0.5-2 Hz, we estimated that we this uncertainty to 
 ≤ 2 s. 

3. Results 

3.1 Representative DCS and DRS measurements and parametrizations 

Figure 2 shows the measured DCS (Fig. 2(a)) and DRS (Fig. 2(b)) signals from one 
representative animal acquired at two different times – at baseline (blue) and during bleed 
(red). The data in Fig. 2(a) are shown for the ear transmission DCS channel and show that the 
measured g2(τ) decays more slowly, or with increased τ0.5 (or a reduced flow index), 
commensurate with the physiological status of the animal under these two conditions. The 
indicatedτ0.5 values for these data differ by over an order of magnitude. Figure 2(b) shows the 

 

Fig. 3. Representative DCS signal measured for the ear transmittance channel (Fig. 3(a)), the 1 
cm reflectance channel (Fig. 3(b)) and the 0.2 cm channel (Fig. 3(c)). The two traces show 
points of baseline (in black) and bleed (in red) for the same times and animal as Fig. 2. The 
solid line shows the diffusion theory based fits. 

corrected reflectance spectra acquired using DRS for the same animal at nearly the same 
times as the DCS traces. The symbols show the measured data and the lines indicate the 
inverse Monte Carlo model-based fitting. The derived vascular saturation (SO2), total 
hemoglobin concentration ([THb]) and the mean scattering coefficient (< sμ ' >) from these 

data are noted in Fig. 2(b) and were as anticipated for conditions of rapid uncontrolled bleed 
relative to baseline. 

Figure 3(a)-3(c) show measured DCS data (symbols) for the same animal, at the same two 
times as in Fig. 2 across all the three channels along with the diffusion theory based fits (solid 
lines). Measured data in Fig. 3(a) is the same as Fig. 2(a) (ear channel), while Fig. 3(b) and 
Fig. 3(c) show these data recorded for 1cm and 0.2cm reflectance channels, respectively. As 
expected the diffusion theory fits experimental data best for the 1cm channel (Fig. 3(b)). Both 
the ear channel and 0.2 cm reflectance channel data (Fig. 3(a) and 3(c)) show that although 
the diffusion theory does not fit the data as well as the 1cm channel, the extracted fits did 
capture slower decays of the autocorrelation traces measured during bleed. Interestingly, 
theoretical fits to the transmission mode measurements appeared to have lower residuals 
relative to the diffusion theory fits for the 0.2 cm channel. 

3.2 Measured time-course in derived optical parameters 

Figure 4 shows normalized time-courses in blood-flow index values derived from DCS using 
both analytical strategies – Fig. 4(a)-4(c) show these data for the flow-index derived using 
1/τ0.5, while Fig. 4(d)-4(f) show the derived flow-index BDα , obtained from diffusion theory 

fits. The data for each animal in these figures were normalized such that the flow-index from 
the last measurement prior to injury was set to unity (and denotes the fraction-change in the 
flow indices, relative to this point). The data for the ear transmission channel, the 1cm 
channel and the 0.2 cm channel are plotted in Fig. 4(a) and Fig. 4(d), Fig. 4(b) and Fig. 4(e), 
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Fig. 4. Normalized longitudinal variations in flow index derived from DCS using both 
analytical strategies (see text). Symbols differentiate pre-injury (baseline: circles) from post-
injury (bleed: triangles), while each color corresponds to a different animal. The vertical line at 
t = 0 indicates time of induced hemorrhage. Data in Fig. 4(a) and 4(d) are for the ear channel, 
for 4(b) and (e) are for the 1cm reflectance channel and 4(c) and 4(f) for the 0.2 cm reflectance 
channel, respectively. 

and Fig. 4(c) and Fig. 4(f), respectively. Data acquired pre-injury (baseline) and post-injury 
(bleed) are shown as different symbols (circles: baseline; triangles: bleed) while different 
colors correspond to animals. These data indicate that the DCS-derived flow-index in all 
animals decreased from baseline to bleed as anticipated. It is also evident that the responses 
were different for each channel. Overall, the transmission ear channel was most sensitive to 
bleed and showed changes within seconds post-injury in all animals. It is remarkable that the 
data obtained using two completely different analytical strategies (flow index as 1/τ0.5 and as 

 

Fig. 5. Longitudinal changes in normalized SO2 (Fig. 5(a)) and [THb] (Fig. 5(b)) derived from 
DRS for each animal. Symbols mark pre-injury (baseline: circles) and post-injury (bleed: 
triangles), while each color corresponds to a different animal. The vertical line at t = 0 
indicates time of induced hemorrhage. 

BDα ) appear as similar as shown Fig. 4, thus indicating that either of these two methods 

provide equivalent information about the underlying flow as was noted previously [24]. 
Figure 5 shows normalized time-trends obtained for the DRS-derived optical variables 

(Fig. 5(a): SO2 and Fig. 5(b): [THb]) where, as before, the scan prior to injury was set to 
unity. These are shown with the same symbols and colors as Fig. 4 (circles: baseline; 
triangles: bleed) with different colors corresponding to different animals. These data show 
that DRS variables underwent expected changes for these hemodynamic variables with bleed, 
but the latency of changes in these variables was different from those seen for the DCS data, 
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especially in Pigs 3 and 4. The DRS variables also exhibited larger degree of heterogeneity in 
the temporal course of responses, across animals. 

3.3 Mean responses of DCS and DRS variables to uncontrolled hemorrhage 

These normalized, diffusion theory based flow-index variable ( BDα ) were averaged across 

all 

 

Fig. 6. Mean fractional change in flow index from diffusion theory fits (Fig. 6(a)) and DRS 
variables (Fig. 6(b)) across all four animals. Bars are average values obtained in each animal 
during baseline while the bleed values were obtained at 90s post injury. Whiskers indicate 
standard deviations. 

animals to determine the fractional changes in the flow-index 90s post injury relative to the 
baseline values, in each DCS channel and are shown in Fig. 6(a). The baseline values for each 
animal were obtained as the mean fractional change (shown in Fig. 4(d)) for all times before 
injury while the 90s value was obtained from the scan at nearly 90s post injury. The mean 
fractional decrease in the flow-index derived for the ear channel showed the largest decrease 
during at 90s past injury (the flow-index decreases by nearly 80% of its value at baseline). 
The 1cm channel showed the next largest decreases (of 51%) with the 0.2cm channel showing 
decreases of 40%. These data also indicate that the responses across all animals were most 
consistent in the transmission channel (ear) and least for the 0.2cm reflectance channel. 

Figure 6(b) shows the normalized changes for the DRS derived variables of vascular 
saturation (SO2%), total hemoglobin concentration ([THb]) and the wavelength averaged 
reduced scattering (< sμ ' >). Both the hemodynamic variables showed decreases of 30-40% 

between baseline and bleed conditions while the scattering remained largely unchanged. In 
comparison with the data in Fig. 6(a), the DRS derived variables showed lower decreases than 
the DCS-derived fractional change in flow rates. 

3.4 Relationships of optical variables and systemic clinical indicators of shock 

Table 1 lists systemic clinical parameters that were monitored across the four animals used in 
these experiments. The data here were obtained from the clinical instrumentation placed in 
these animals, post anesthesia and included measurements of heart rate (HR), mean arterial 
pressure (MAP), cardiac output (CO), cutaneous arterial saturation (SpO2) and core body 
temperature (Temp.). These parameters were recorded in 5-minute intervals. Thus, data from 
start of experiment to injury (for nearly 20-30 minutes for each animal) were used to compute 
as pre-injury estimates, while data for 15 minutes following shock was used to calculate the 
post-bleed values shown Table 1. Overall, all animals showed reductions in cardiac output, 
mean arterial pressure, temperature and arterial saturation post-injury, relative to baseline 
values. MAP and CO variables showed consistent decreases for each animal while SpO2 did 
not decrease uniformly in all animals. 

A direct temporal comparison for changes in these clinical variables and the optical 
hemodynamic variables measured was not possible since the optical data was sampled at far 
higher acquisition rates, relative to the clinical data. We did compare the mean clinical 
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variables shown for each animal in Table 1 with corresponding optical variables measured for 
baseline or the bleed intervals but did not find significant correlations in them. However, in 
comparing the fractional changes in DCS-derived flow with changes in these clinical 
variables, we found it was positively (not significantly) associated with the change in MAP 
and negatively associated to with change in CO, for all the three channels used. These trends 
were mirrored by the DRS-derived [THb] and but absent for the DRS-derived SO2. 

4. Discussion 

Table 1. Systemic variables at baseline (pre) and following shock (post) for the 4 animals. 
Data for each variable are shown as the mean value with standard deviations in 

parentheses. The last column presents the averages for these data across all animals. 

Clinical 
variable 

Pig1 Pig2 Pig3 Pig4 Average 
Pre Post Pre Post Pre Post Pre Post Pre Post 

HR (bpm) 
90.0 
(3.0) 

119.5 
(27.5) 

82.9 
(3.8) 

136.8 
(37.4) 

90.9 
(5.6) 

134.5 
(61.3) 

101.1 
(3.0) 

152.5 
(41.3) 

91.2 
(8.3) 

130.9 
(86.9) 

MAP 
(mmHg) 

65.7 
(5.6) 

36.5 
(19) 

68.0 
(5.7) 

35.3 
(17.5) 

58.3 
(7.4) 

34.0 
(17.6) 

82.4 
(14.5) 

36.5 
(13.8) 

68.6 
(18.1) 

35.6 
(34.1) 

CO 
(L/min) 

5.3 
(0.3) 

4.1 
(1.9) 

4.9 
(0.4) 

2.9 
(1.5) 

6.0 
(0.3) 

4.2 
(2.3) 

5.6 
(0.5) 

3.9 
(2.4) 

5.5 
(0.8) 

3.8 
(4.1) 

SpO2 (%) 
98.0 
(0.2) 

98.5 
(0.7) 

96.1 
(1.6) 

88.0 
(1.4) 

95.7 
(1.1) 

93.3 
(6.2) 

98.6 
(0.5) 

97.7 
(0.6) 

97.1 
(1.9) 

94.4 
(6.4) 

Temp. 
(°C) 

36.0 
(0.2) 

35.5 
(0.2) 

36.2 
(0.2) 

35.8 
(0.3) 

37.3 
(0.2) 

36.7 
(0.3) 

36.9 
(0.1) 

36.4 
(0.1) 

36.6 
(0.3) 

36.1 
(0.5) 

An essential component of the reflex compensatory response to blood loss is constriction of 
the blood vessels within peripheral tissue beds to maintain perfusion of the brain and heart 
[29]. The shallowest (smallest) vessels in microvasculature is where compensatory blood 
shunting occurs and thus would comprise of the first vessels to be affected due to 
vasoconstriction following shock along with the last vessels to recover during resuscitation. 
Several groups have shown that monitoring of peripheral tissue perfusion and oxygenation 
provides an early indication of progressive hemorrhage (or experimental central 
hypovolemia), before full circulatory collapse occurs [20, 30–32]. 

This reduction in cutaneous perfusion can be expected to manifest in three parameters in 
the following temporal order: 1) Slowing of flow rate (decrease in DCS-derived flow-index) 
2) reduction of the amount of blood in the tissue (DRS-derived [THb]), and 3) decrease in 
tissue oxygenation level (DRS-derived SO2). As hemorrhage progresses, THb and SO2 may 
expected to reduce further, since total blood volume decreases due to bleed and hematocrit 
decreases because of dilution with interstitial fluid. Our study indicates that noninvasive 
optical measurements based on DCS and DRS can be used to simultaneously detect this 
cascade of cutaneous, perfusion reducing events. 

Earlier results obtained using DCS to monitor hemorrhage in a slow bleed pig model and 
in the lower body negative pressure model (LBNP) also support findings here [20]. In these 
previous studies, sensitivity of DCS measurement to changes occur early during 
compensatory hemorrhage was observed. However, the hemorrhage models used there were 
deficient in that they were highly clinically controlled and might not potentially not include 
inflammatory elements of immune response associated with soft tissue injury, or closed 
fractures that invariably accompany traumatic injuries particularly under military conditions. 
Additionally, two recent critical comparisons of hemorrhage and LBNP, one in baboons [33] 
the other in humans [34], have shown that the LBNP model effectively models the 
hemodynamic aspects of hemorrhage, such as heart rate stroke volume, and MAP, but not 
essential oxygen transport aspects, such as the reduction of SmvO2. 

Other techniques using acoustic and/or electrical sensing have been described to monitor 
hemorrhage but have also noted to be slow to respond, or respond weakly [8, 35–37]. The 
most direct comparisons may be made between DCS and Laser Doppler Flowmetry (LDF). 
Several studies have reported using LDF to monitor hemorrhage in porcine and the human 
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lower body negative pressure (LBNP) models [38–41] and in general support the prospect of 
detecting capillary flow to monitor the early onset of hemorrhage. The results nevertheless, 
especially with LBNP, are equivocal –with some reports observing some of these effects and 
others missing them. 

In general, however, results with LBNP studies observed smaller magnitude of than 
detected using DCS. While both LDF and DCS measure the fluctuations in the laser speckle 
pattern generated by blood cell movement, LDF detects these fluctuations in the frequency 
domain, while DCS performs it in the time domain. Typically, frequency domain 
measurements require uniform spacing of the frequencies, while in DCS analysis is 
intrinsically a logarithmic process. This difference confines LDF measurements to have 
dynamic range of about three orders, while in DCS measurements covers dynamic range of 
seven to ten orders of magnitude (from 100 ns −10 s). Although DCS can monitor very high 
frequency (short time) events, it is still an intrinsically time-integrated technique. The 
detected autocorrelation function is continuously accumulated and binned into multiple orders 
of magnitude which renders the method slow for data acquisition, but provides higher signal-
to-noise advantage over LDF. 

DRS has extensively been used to monitor tissue SO2 in both large animal and human 
models of shock as noted earlier [10–15]. Our results here are similar to previously reported 
observations of decreases in peripheral tissue hemoglobin and tissue vascular saturation 
during shock, relative to baseline values. However, most previous reports have employed near 
infrared wavelengths (650-900 nm) for DRS measurements with source-detector separations 
of between 0.5 and 2 cm. However, we used DRS measurements in the visible spectrum (450-
800 nm) with source-detector separation of 0.2 cm, thus rendering the sampling depth of DRS 
to be mostly confined to the upper 2 mm of the skin. 

The DCS results were analyzed using two different flow models – one empirical and 
another based on the diffusion theory based model. Both techniques yielded nearly identical 
measures of blood flow and showed that blood flow in peripheral tissues was almost 
immediately impacted after hemorrhagic shock. The responses in the DRS-derived 
hemodynamic variables did not indicate as temporally high a sensitivity as DCS flow to 
shock. However, both these optical methods detected hemorrhagic shock much earlier than 
reflected by systemic indicators of MAP and CO. As hypothesized these results indicate 
compensatory vascular mechanisms in reaction to hemorrhage are were strongly present when 
optical measurements probed tissue volumes containing small vessels. Additionally, 
confining measurement to shallow depths could also minimize contamination of hemoglobin 
absorption by myoglobin absorbance, which would be especially important in hemorrhage 
since unlike hemoglobin, myoglobin oxygen does not change early during shock [34, 42]. 

5. Conclusions 

Our findings validate the hypothesis that hemorrhagic shock due to soft tissue injury would be 
detectable in vascular responses of peripheral tissues measured using optical methods of DCS 
and DRS. Further, these techniques detected reduced cutaneous perfusion due to the body’s 
compensatory shunt mechanism that seeks to preserve blood for vital organs. From optical 
measurements, perfusion was quantified using three complementary parameters: relative 
blood flow rates, total hemoglobin concentration, and tissue vascular oxygenation. In 
combination, these variables could provide a more robust and sensitive means to tracking and 
hemorrhage and resuscitation. 

In summary, studies seeking to detect occult hemorrhage during the precompensatory 
phase in critically-ill or injured patients would benefit from employing such multimodal 
optical techniques for continuous noninvasive blood flow and hemoglobin monitoring. 
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