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(57) ABSTRACT

Noninvasive methods and apparatus for detecting blood
volume imbalances in a mammalian subject are disclosed.
The method includes obtaining baseline measurements of at
least three physiological parameters from a subject wherein
the parameters are selected from the group consisting of
heart rate, electrical body impedance, skin temperature,
perfusion index, peripheral blood flow and skin humidity.
Measurements of electrical body impedance, skin tempera-
ture, perfusion index, peripheral blood flow and skin humid-
ity are taken at one or more extremities of the subject such
as the calf, ankle, forearm, thigh, fingers and toes. The
physiological parameters for which baseline measurements
were obtained are then monitored to detect changes from the
baseline measurements that indicate blood volume imbal-
ances. A preferred embodiment comprises computing a
baseline blood volume index from the baseline value mea-
surements of each parameter to be monitored and then
carrying out the step of monitoring by obtaining real time
(current) value measurements of these parameters which are
inputted into an algorithm which computes a real time
(current) blood volume index based upon the differences
between the baseline and real time (current) value measure-
ments.
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METHOD AND APPARATUS FOR
NON-INVASIVELY DETECTING BLOOD
VOLUME IMBALANCES IN A MAMMALIAN
SUBJECT

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application is a nonprovisional application
claiming the benefit under 35 USC 119(e) of U.S. provi-
sional application No. 61/754,912, filed on Jan. 21, 2013.

TECHNICAL FIELD

[0002] The present invention relates generally to systems,
methods and apparatus for detecting blood volume imbal-
ances and, more particularly, to non-invasive systems, meth-
ods and apparatus for the early detection of blood loss in a
patient (which often occurs during and after surgery) to
enable clinicians to quickly respond quickly to such indica-
tions so that cardiovascular collapse in the patient can be
prevented.

BACKGROUND OF THE INVENTION

[0003] Undetected or delayed evaluation of a bleeding
patient which sometimes occurs during and after surgery is
extremely dangerous and may cascade into hemorrhagic
shock and result in irreversible or delayed cellular and organ
damage and death. In view of this serious problem, it would
be desirable if a system and method were available with the
ability to continuously and non-invasively detect changes in
central blood volume. Such a system would better enable
early medical management of patients at high risk for acute
blood loss in surgical, post-operative and trauma care set-
tings. National average rates reported in 2011 Patient Safety
Indicators (PSI’s), categorized as post-operative hemorrhag-
ing or hematoma, were trending at only 3.40 per 1,000
(0.34%) as reported via the Agency for Healthcare Research
and Quality (AHRQ). However, clinical data of “high risk”
surgical procedures have reported up to 11% postoperative
bleeding.* Each year in the USA more than 640,00 patients
undergo open heart surgery and 0.3% to 11% (19,000 to
70,000) patients develop excessive bleeding postoperatively.
About 5% percent of these open heart patients require
re-exploration and revisions for bleeding. In the emergency
setting, hemorrhage is responsible for over 40% of deaths
within the first 24 hours after a traumatic injury.

[0004] Current methods for non-invasive monitoring of
blood volume loss include vital signs monitoring of heart
rate, blood pressure, respiration and oxygen saturation. This
“vital signs™ approach has not been shown to reliably detect
small amounts of acute blood loss'*. Invasive methods
include central venous and arterial catheters designed to
monitor hemodynamic status centrally (e.g. swan-ganz,
wedge pressure measurements) but can create insertion
complications such as perforations in the vasculature, pneu-
mothorax, arrhythmias, thrombosis and infection. While
invasive central monitoring may provide extremely accurate
information, applications to trauma and postoperative set-
tings are limited. The early detection and accurate evaluation
of blood volume is clinically documented as having a direct
influence on improving patient outcomes>°. Data supports
the need for blood volume monitoring of patients in the
intraoperative, postoperative and trauma settings. Through
early detection of acute and progressive blood loss, clini-
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cians may be able to reduce incidences of morbidity and
mortality associated with hemorrhagic shock while also
reducing the cost of patient care. The study of non-invasive
techniques for detecting early blood loss is again emerging
in modern literature; however, at this time no such device is
available commercially”-®.

SUMMARY OF THE INVENTION

[0005] The present invention provides methods, systems
and apparatus for detecting changes in blood volume related
parameters which indicate central blood volume changes
typically bleeding which occurs during hemorrhagic events.
[0006] In a preferred method of the present invention,
effective early detection of between 10 and 20% blood loss
in a subject/patient can be achieved by measuring and
monitoring as few as three of the subject’s physiological
parameters. These parameters include heart rate, electrical
body impedance (bioimpedance), skin temperature, perfu-
sion index, peripheral blood flow and skin humidity.
[0007] Bioimpedance is a preferred parameter because it
has been shown that bioimpedance increases during blood
loss when measured at a patent’s extremity. Similarly, heart
rate increases during blood loss to maintain blood pressure.
Peripheral blood flow is another preferred parameter since
the amplitude of arterial blood flow through peripheral
extremities particularly the fingers and toes has been shown
to decrease during blood loss. Skin temperature is another
preferred parameter as skin temperature at peripheral
extremities also often decreases during blood loss even
though core body temperature is typically maintained during
blood loss. In addition, skin humidity manifested as clam-
miness or sweating has also been shown to increase during
blood loss and can be measured by measuring changes in the
skin’s conductance caused by the increase in skin humidity.
Other parameters such as perfusion index are also believed
to change with blood loss. Any single parameter on its own
is often not sufficient to consistently indicate blood loss.
However, the combination of at least three parameters and in
a preferred embodiment five parameters, makes the method
very reliable.

[0008] This preferred method includes obtaining baseline
measurements of these parameters (i.e. measurements taken
while the patient is resting in the supine position) from the
subject which (with the exception of the subject’s heart rate)
are taken at one or more extremities of the subject, prefer-
ably the subject’s forearm or calf. The selected parameters
are then monitored to detect changes from the baseline
measurements that indicate blood loss and other imbalances,
typically bleeding.

[0009] In a more preferred embodiment of the method of
the present invention which uses multiple parameter read-
ings collected via non-invasive sensors placed on a patient’s
extremities, the system computes and displays a real-time
blood volume BVM Index based on relative changes to
baseline physiologic values. In this method, a baseline blood
volume index is computed from the baseline value measure-
ments of each parameter to be monitored. Real time value
measurements of the parameters are then obtained from
which a real time blood volume index is computed by
inputting the baseline and real time values into an algorithm
based upon the differences or changes between the baseline
and real time value measurements.

[0010] The real time blood volume index is then moni-
tored (either automatically or manually) to determine
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whether a predetermined blood volume index threshold
(typically set between 10 and 20% of the subject’s total
blood volume (TBV)) is reached which indicates a strong
likelihood of bleeding.

[0011] An apparatus or system for noninvasively detecting
blood volume imbalances in a mammalian subject estimat-
ing a blood volume of a mammalian subject is also provided.
The apparatus comprises a number of noninvasive sensors
which are communicable with the subject to obtain baseline
and real time (current) physiologic measurements from the
subject. In addition, at least one integrated circuit is pro-
vided which is operably comnected with the sensors and
configured to i) compute baseline and real time (current)
blood volume indexes from the physiologic measurements
wherein the blood volume indexes are derived from at least
three physiological parameters selected from the group
consisting of heart rate, electrical body impedance, skin
temperature, perfusion index, peripheral blood flow and skin
humidity and wherein measurements of electrical body
impedance, skin temperature, perfusion index, peripheral
blood flow and skin humidity are taken at one or more
extremities of the subject, and ii) use the baseline and real
time (current) blood volume indexes to generate an output
indicative of the current estimated blood volume of the
subject which in turn can be monitored to detect blood
volume imbalances in the subject.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The invention will be more readily understood by
reference to the accompanying drawings wherein like ref-
erence numerals indicate like elements, and wherein refer-
ence numerals sharing the same last two digits identify
similar corresponding elements throughout the various dis-
closed embodiments, and in which:

[0013] FIG. 1 is a block diagram providing a summary of
the study events;

[0014] FIG. 2 is graph showing the pulse pressure wave-
form parameters;

[0015] FIG. 3illustrates side views showing the placement
of sensors of the system of the present invention on the right
hand, left calf and left foot;

[0016] FIG. 4 is graph showing the BVM Index simulation
of subject 6 of the study;

[0017] FIG. 5 is a graph showing BI correlation between
subjects of the study;

[0018] FIG. 6 is a graph showing percent change in BI for
subject 6 of the study;

[0019] FIG. 71isa graph showing percent change in HR for
subject 6 of the study;

[0020] FIG. 8 is a graph showing percent change in PBF2
for subject 6 of the study;

[0021] FIG.9is a graph showing percent change in PH for
subject 6 of the study;

[0022] FIG. 10 is a graph showing percent change in SCL
for subject 6 of the study;

[0023] FIG. 11 is a graph showing percent change in ST
for subject 6 of the study;

[0024] FIG. 12 is a front elevation view of a monitor of a
system of the present invention;

[0025] FIG. 13 illustrates a pair of graphs comparing five
physiologic parameters measured by the system of the
present invention with the BV Index generated by the
present invention;
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[0026] FIG. 14 illustrates left and right side elevation
views of the monitor of FIG. 12;
[0027] FIG. 15 illustrates screen shots which appear on the
monitor of FIG. 12 during setup.

[0028] FIG. 164 is a side view showing forearm electrode
placement;
[0029] FIG. 165 is a side view showing BI electrode

placement; and,
[0030] FIG. 17 is a side view showing sensor placement
on the fingers.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0031] In a recently conducted study, ten healthy subjects
(n=10) were evaluated during a single-unit (450-500 ml)
blood draw (which is approximately 10% of the average
individual’s total blood volume which is about 5 liters)
followed by saline infusion (1000-1500 ml). Several physi-
ologic parameters were continuously monitored (1 Hz) for
consideration of inclusion and weighting in the BVM Index
algorithm. Each parameter was evaluated independently for
trends corresponding to manual hemodynamic fluid changes
in the subjects. The real-time values of each parameter were
then input into various equations of the BVM Index algo-
rithm for assessment of feasibility to detect incremental
blood loss. The initial rudimentary algorithm of the BVM
Index detected both blood loss and saline infusion in 6 of 9
(67%) subjects reaching >450 ml in blood loss.

Materials and Methods

[0032] Subjects. Ten healthy adult volunteers (age range
20-44) participated in a single-unit manual blood draw
followed by saline infusion. Only one visit per subject was
required and duration of involvement ranged from 2 to 4
hours. All subjects were briefed on research information and
potential risks of the study prior to completing informed
consent. Inclusion and exclusion criteria were verified fol-
lowed by a health assessment screening, vital signs mea-
surement and provision of oral fluids. No restrictions were
placed on subjects activities of daily living prior to the study
participation. A total hemoglobin of at least 10 g/dL. (Hema-
tocrit 30%) was confirmed before blood withdraw was
started.

[0033] Protocol. While resting in a supine position, sub-
jects were instrumented with non-invasive physiologic sen-
sors for the investigational device and remained at rest for
the remainder of study activities. The primary events of the
study included an initial baseline period, venipuncture and
hemoglobin measurement, 500 ml blood draw, and 1000 ml
saline infusion. Additional baseline measures were taken
after blood draw and saline infusion as shown in FIG. 1.
Attempts were made to collect 450-500 ml of blood from the
median cubital vein of the right arm using a 16 gauge needle
and gravity drain. Blood pressure and EKG were monitored
by the medical staff throughout the study. Measurements for
each physiological parameter of interest were monitored
continuously (1 Hz sample rate) throughout the study period
and streamed to a PC data collection system for post
analysis.

[0034] Parameters Measured. During this study, the BVM
actively measured regional bioimpedance (BI), heart rate
(HR), peak-to-peak amplitude of the peripheral blood flow
(PBF) and root mean square amplitude of the peripheral
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blood flow (PBF2). Bioimpedance was measured along the
left calf using four adhesive ECG type electrodes. A pho-
toplethysmograph sensor placed on the subjects left index
toe measured blood changes in peripheral blood flow. These
sensors measure the surge of blood through the vasculature
as the pulse pressure wave changes. This pulse pressure
waveform (FIG. 2) is analyzed to calculate heart rate and the
various measures of peripheral blood flow amplitude.

[0035] A second commercially available accessory sys-
tem, MEDAC System/3 biofeedback device with 510(k)
number K914925, was used to actively measure electroder-
mal activity, skin temperature (ST) and respiration (R)
changes stimulated by sympathetic nervous system response
to stress. Two principal measures of electrodermal activity
were monitored by gold-plated electrodes placed on adjacent
finger tips of the right hand; 1) skin conductance level (SCL)
measuring tonic sensory receptors that adapt slowly to a
stimulus and 2) skin conductance response (SCR) measuring
phasic receptors that adapt rapidly to a stimulus. These
electrodermal responses are associated with the activity of
eccrine sweat glands which increase the conductivity of the
skin. The skin temperature was measured by a thermistor on
a finger tip of the subjects right hand and respiration was
measured by a pressure transducer belt placed around the
waist at the diaphragm. The MEDAC system also included
capabilities to monitor heart rate (HR) and a variation of
pulse wave amplitude (PH) with a different photoplethys-
mograph sensor and unique software algorithm so duplicate
measures for these parameters were recorded for comparison
to the BVM data. This sensor was also placed on a finger of
the right hand. A summary of parameters measured and
sensor placement is illustrated in FIG. 3.

[0036] BVM Index. One important object of the study was
to compute a BVM Index so that the clinician can be alerted
at early thresholds of circulatory compromise suspected
from progressive bleeding. The BVM Index will be com-
puted by an algorithm that compares the time of interest
(typically the current or real time) to a baseline value. Initial
equations for the BVM Index are defined in US Patent
Application 20120016426 which is hereby incorporated by
reference and data from clinical studies will be used to refine
the equation that will be used in the commercialized system.
The starting value of the BVM Index will be 100, after
which the value will change based on sensor input changes
from physiological response of the patient to his/her clinical
status. Fach parameter measured will be expressed as per-
cent change relative to baseline values and will have a
unique weighting in the equation. The simulation of the
BVM Index from subject 6 (>10% TBYV loss) is illustrated
in FIG. 4. Note the decline in BVM Index during blood draw
period.
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[0037] The most current algorithm for computing the
BVM Index (BV]) is as follows:

BVI=(100*(1-((Blyormatizes=BlBasetine) Blaaseiine)
*Bl, sene)—((HR-HR ine)
HR pasetine " HR coegiciens) H(PBF-PBF psesine)/
PBFzacciine PBE coggiciend=((GSR-GSRpacetine)/
GSRpaseine GS RcOeﬁciem)"'(((S Temp-

STempgasetine)/STeMPaaseine S TeMPeoegicient)))

Where,
[0038]

HR=Heart Rate

BI=Peripheral Bioimpedance (forearm or calf)

PBF=Peripheral Blood Flow

GSR=Galvanic Skin Response

[0039] Stemp=Skin Temperature (investigating tempera-
ture gradient, measuring forearm vs finger or calf vs toe,
when temperature diverge past threshold higher risk of
mortality)

Blao,manses—Peripheral  Bioimpedance normalized by
removing known physiological drift (~3% per hr for 1% hour
after postural shift from standing to supine position)

Bleoeicieni0-725

HR ¢, iciens0-145
PBF (o greien0.043
GSR ¢, e reier=0.014
STempc, piciens0-072

[0040]
Signal Coeflicient Coeflicient
Averaging Weighting Fraction

BI 17 sec 5 0.725
HR 240 sec 1 0.145
PBF 360 sec 0.3 0.043
GSR 360 sec 0.1 0.014
STemp 360 sec 0.5 0.072
Total 69 100%

Results

[0041] Data for all parameters was successfully collected

on all 10 subjects for the duration of the study. Only 1
subject failed to reach a 450 ml blood draw (subject 5, 155
ml after 18 min) and therefore this data was omitted from
summary analysis. Gross values for % change during blood
draw period are provided in Table 1. Significant data was
also collected during 1000 mL of saline infusion but is not
presented here as physiologic effects from blood loss are the
primary focus for this initial report.

TABLE 1

Subject Information

Blood
Wt Est. Removed Time
n  Gender Age Ht (lbs)y BMI TBV (L) (ml) % TBV (mm:ss)
1 M 44 62" 235 302 8.3 500 6.02% 9:26
2 F 33 52" 160 293 5.56 430 8.63%  13:10
3 F 21 58" 260 395 8.9 300 5.62%  10:31
4 M 21 54" 165 283 6.01 500 8.32% 8:51
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TABLE 1-continued
Subject Information
Blood

Wt Est. Removed Time
n  Gender Age Ht (Ibs) BMI TBV (L) (ml) % TBV (mmuss)
5 F 28 572" 195 357 6.72 155 2.30% 18:05
6 F 22 411" 135 273 4.72 484 10.25%  12:00
7 F 31 53" 160 283 5.57 510 9.16% 14:27
8 M 21 61" 200 264 7.18 505 7.03% 7:42
9 F 33 5% 165 251 5.75 480 835% 17:33
10 F 20 52" 205 375 7.05 500 7.09% 9:10

[0042] All values for the blood draw period described [0044] Initial correlation results between subjects (inter-

subsequently were measured between “Baseline-Stop” to
“Saline-Infusion-Start” for consistency (FIG. 4). Also, %
TBYV (total blood volume) removed was calculated for each
subject using Nadler’s formula for correlation to parameters
measured. Additionally, real-time data streaming (1 Hz)
enabled us to identify potential sources of artifact error and
transient shifts in measured parameters. Upon inspection of
the data from subjects one, eight and ten (1,8,10) potential
sources of significant error were exhibited during blood
volume loss and were therefore omitted from subsequent
correlation results presented. A summary of the data for the
subjects is set forth below in Table 2.

subject) suggest a moderately strong relationship between %
TBV removed and % ABI may exist (R*=0.75) as illustrated
in plot of FIG. 5. In this study no provisions were made to
collect discrete time points for each 100 ml of blood removal
(intra-subject) which limits further correlation analysis at
this time. Also, it is well documented that tolerance to <500
ml blood loss and onset of accompanying symptoms is
highly variable among subjects'>®*°. This prompted a
deeper analysis of % ABI trends for subjects with the
greatest % TBV removed. In both subjects with >9% TBV
removed, a greater rate of change in % ABI can be observed
at later stages of the blood draw. Both the linear nature of

TABLE 2

% of Parameters Measured (450-500 ml blood draw) Raw Values

BVM MEDAC
Subjects % BI % PBF2 % PH % SCR %R
% TBV (17 sec % HR % PBF (120 sec % HR (120 sec (120 sec % SCL % ST (120 sec

n  Removed avg) (120 sec avg) (17 sec avg) avg) avg) avg) avg) (120 sec avg) (120 sec avg)  avg)

1 6.0% 6.95% 4.22% -18.23% -0.36% 1.55% -8.32% 0.00% -1.25% 0.32% 0.02

2 8.6% 2.36% -3.91% -6.41% -14.28% 21.34%  -26.60% 8.62% -19.19% 1.10% 0.07

3 5.6% 1.92% 7.66% -61.08% -53.72% 1.84% -61.40%  -28.70% 20.25% -0.52% 0.15

4 8.3% 1.80% -4.11% 6.50% 1.36% -4.41% -33.09% -8.90% -0.79% -0.17% —
5 2.3%

6 10.3% 4.63% 21.59% -47.92% -76.37% 16.70%  -85.45% -11.02% 66.08% 2.39% 0.18

7 9.2% 3.84% 0.64% -19.10% -19.61% 5.11%  -40.98% -8.80% 2.53% -0.86% —

8 7.0% 5.18% 8.55% 325.70% 379.64% 7.88%  -20.63% 18.32% 133.33% 1.70% —

S 8.4% 3.42% -16.74% 56.25% 29.60%  -11.52% 14.63%  -26.24% -26.70% -2.95% 0.04

10 7.1% 4.35% -2.64% -3.70% 22.89%  -13.00% 37.90% -10.58% 17.52% 1.93% 0.02

[0043] Bioimpedance (BI). Regional bioimpedance mea- baseline values and increasing rate of change in % ABI for

sured across the calf detects intravascular fluid changes and
as blood flow to the extremity is reduced through vasocon-
striction and BI was expected to increase. Bioimpedance
correlation to cardiovascular health and status change in
subjects has been well explored; however, the instant
approach is believed to be unique™'®. In this study, the
measured BI over the blood draw period increased for all
subjects reaching >450 ml blood draw by a mean of 3.8%
(range 0.17 to 0.87 ohms). Conversely, BI generally
decreased by a mean of -1.82% (range 0.16 to -0.63 ohms)
for the same group of subjects after saline infusion which
serves as confirmation of the ability to momnitor subtle
intravascular fluid changes with the device/system of the
present invention.

subject 6, who had the largest % TBV removed, is shown in
FIG. 6.

[0045] Heart Rate (HR). Heart rate was monitored by the
BVM with a photoelectric sensor placed on the left index toe
and by the MEDAC Systen/3 with a different photoelectric
sensor placed on the right index finger. Effects from onset of
acute blood loss on heart rate vary by subject and by stage
of shock, however data suggests hemorrhagic bleeding is
generally accompanied by increased heart rate>®”. In the
study this parameter increased by a mean of 3.62% (range
-8 t0 12 bpm) for all subjects reaching >450 ml blood draw
as measured by the MEDAC System/3. Initial comparison to
% ABI reveals a similar percent change but heart rate
appears to be weaker in correlation to % TBV removed
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(R*=0.38). In addition, a notable delay (~3 to 5 min latent
phase shift) was observed from changes in % AHR relative
to % ABIL This apparent delay has been noted in other
studies suggesting increased heart rate may be a latent
physiological response signaling the beginning of circula-
tory decompensation at levels >1 L of blood loss>’. The HR
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finger. The pulse height (PH) decreased by -38% for the
same sub-group and was more consistent in downward
trend. In addition, subject 6 with greatest percent blood loss
exhibited the greatest decrease in pulse height (-85%) of all
subjects. Data from subject 6 for PBF2 is shown in FIG. 8
and for PH is shown in FIG. 9.

TABLE 3

% of Parameters Measured (450-500 ml blood draw)

BVM MEDAC System/3
Subjects % BI % HR % PBF % PBF2 % HR % PH % SCR % SCL % ST % R
% TBV  {(17sec (120sec  (17sec  (120sec  (120sec  (120sec  (120sec (120 sec (120 sec (120 sec
n  Removed avg) avg) avg) avg) avg) avg) avg) avg) avg) avg)
6 10.3% 4.63% 21.59% -47.92% -76.37% 16.70% -85.45% -11.02% 66.08%  2.39% 0.18%
7 9.2% 3.84% 0.64% -19.10% -19.61% 5.11%  -40.98% -8.80% 2.53% -0.86% -0.29%
2 8.6% 2.36% -3.91% -641% -14.28% 21.34%  -26.60% 8.62% -19.19% 1.10%  0.07%
9 8.4% 3.42% -16.74% 56.25% 29.60%  -11.52% 14.63% -26.24% -26.70% -2.95% 0.04%
4 8.3% 1.80% -4.11% 6.50% 1.36% -441% -33.09% -8.90% -0.79% -0.17% -0.03%
3 5.6% 1.92% 7.66% -61.08% -53.72% 1.84% —61.40% -28.70% 20.25% -0.52% 0.15%
Mean 2.99% 0.85% -11.96% -22.17% 4.84% -38.82% -1251% 7.03% -0.17% 0.02%
Std Dev 1.14% 12.91% 41.91% 38.04% 12.45% 33.85% 13.61% 33.37% 1.82%  0.17%
Pearson’s 0.75 0.20 0.19 -0.05 0.38 -0.10 0.53 0.26 040 -0.21
data for subject 6 collected from the MEDAC System/3 can [0048] Electrodermal Activity (SCL, SCR). Electrodermal

be seen graphically in FIG. 7.

[0046] During data collection some erratic changes were
observed in the heart rate values calculated by the system. It
was determined that there were two potential sources of this
behavior. First, this early generation design proved to be
sensitive to ambient lighting variations in the visible light
spectrum. Second, the toes of some subjects were cold to the
touch, suspected as a result of vasoconstriction from the
body’s natural temperature regulation mechanisms. This
temperature effect was more prevalent in female subjects.
Output from the MEDAC system appeared to be more stable
across all subjects and may be attributable to use of a near
infra-red photoelectric sensor, as well as alternate sensor
placement on finger tip. In comparing heart rate values of the
two systems, BVM outputs are within 2 bpm of the MEDAC
system when signal strength is robust and can vary by 30
bpm when external factors create undesired noise.

[0047] Peripheral Blood Flow (PBF, PBF2, PH). Vasocon-
striction causes variations in amplitude of the blood volume
pulse wave which can be measured by photoelectric sensors.
Reductions in peripheral blood flow are noted by a decrease
in pulse wave amplitude which was measured by two
separate systems. The BVM system measured peripheral
blood flow of the left index toe; PBF and PBF2. The
peak-to-peak amplitude (PBF) decreased during the blood
draw period by a mean of -12% for the sub-set of all
subjects <450 ml blood loss with no suspected noise during
this period. (See Table 3) For this same sub-group, the root
mean square (rms) amplitude (PBF2) decreased by -22%.
The rms amplitude may provide insight into a beat-to-beat
averaged trend of peripheral blood flow. Both values have
significant variation in percent change from subject to
subject at this low level of blood loss. The MEDAC Sys-
tem/3 measured the peripheral blood flow of the right ring

conductance (commonly referred to as Galvanic Skin
Reflex) is a compound measurement with two principal
measurements SCL and SCR. The unit of measure for skin
conductance level (SCL) is the micromho where larger
values indicate a higher level of conductivity. The SCL value
is expected to increase with greater activation of the sym-
pathetic nervous system®. Mean values at baseline were
2.25 micromho’s (consistent with typical normative values)
and increased a mean of 21.3% for all subjects with >450 ml
blood loss. When considering correlation to % TBV loss,
some subjects demonstrated a decrease in SCL activity while
the subject with highest blood loss (subject 6, 10.3% TBV
loss) exhibited the greatest increase of 66%. The SCR values
are relative in nature and have no formal units. The SCR
values are generated by an amplifier circuit to monitor the
rapid changes of phasic receptors which diminish very
quickly. As a result, very little marked change in trend from
baseline and throughout the blood draw period was
observed. It was noted, however, that the SCR values
monitored during the saline infusion period oscillated in a
lower range than the blood draw period. The SCL response
for subject 6 can be seen in FIG. 10.

[0049] Skin Temperature (ST). Skin temperature was mea-
sured with a temperature sensitive semi-conductor sensor
placed on the ring finger of the right hand. As a result of the
anticipated peripheral vasoconstriction caused by blood loss,
it was expected that skin temperature would decrease during
the blood loss period. Several studies in the literature cite
observed measurement variations in temperature of the toe
to be clinically valid for shock and cardiac index assessment
techniques®*°. In the study, the mean change in skin tem-
perature increased 0.33% (range -2° to +2° F.) for all
subjects with >450 ml blood loss. In subject 6 with the
greatest percent TBV loss, skin temperature increased 2.4%,
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the greatest change measured for all subjects. Room tem-
perature variations were not measured over the same time
period but will be collected in future studies. The ST for
subject 6 is shown in FIG. 11.

[0050] Respiration (R). Respiration was monitored using a
force sensitive resistor placed around the subjects abdomen
at the diaphragm. This sensor is able to display relative
changes in breathing patterns but is unable to directly
measure respiratory rate. Patterns in respiration were stable
throughout the study for all subjects.

CONCLUSION

[0051] Vital signs monitoring of heart rate and blood
pressure is not adequately sensitive enough to alert clini-
cians to mitigate risks of patients developing cardiovascular
collapse since normal blood pressure is typically sustained
up to levels of 30% blood loss. Despite the limited number
of subjects tested to date, the results from the various
parameters measured and initial algorithm simulation of the
BVM Index indicate that an early detection mechanism for
dependably alerting levels of blood loss between 500 and
preferably 750 to 1000 ml is a clinically relevant proposi-
tion.

[0052] Results. All parameters were measured success-
fully and nine of ten subjects achieved >450 ml of blood
loss. Manual blood loss and saline infusion were detected
with some limitation from instances of artifact error and
transient shifts of measured parameters in three subjects.
Simulations of the initial algorithm for the BVM Index
successfully identified both blood loss and saline infusion in
6 of 9 (67%) subjects reaching >450 ml in blood loss. The
subject experiencing 10.3% TBV loss demonstrated the
most definitive characteristics of peripheral blood flow
decrease and corresponding BVM Index change.

[0053] In view of the foregoing results as well as results
obtained from data from other studies, it is apparent that
blood volume imbalances, i.e. both blood loss and intravas-
cular fluid gains, can be detected by the method and system
of the present invention and that, in particular, early blood
loss detection of between 500 to 1000 ml (10 to 20% of
TBV) can be detected such that clinicians can be timely
alerted to enable them to take measures to mitigate the risks
associated with and/or prevent patients from developing
complete cardiovascular collapse.

[0054] In the preferred method of the present invention,
effective early detection of between 10 and 20% blood loss
in a subject can be achieved by measuring and monitoring as
few as three of the subject’s physiological parameters
wherein the parameters include heart rate, electrical body
impedance, skin temperature, perfusion index, peripheral
blood flow and skin humidity. The preferred method
includes obtaining baseline (i.e. patient resting in the supine
position) measurements of these parameters from the subject
which with the exception of the subject’s heart rate are taken
at one or more extremities of the subject, preferably the
subject’s thigh, forearm, calf, ankle, fingers and toes. The
selected parameters are then monitored to detect changes
from the baseline measurements that indicate blood volume
imbalances. As indicated, the preferred extremities are the
thigh, forearm, calf, ankle, fingers and toes. However, as
used in the claims appended hereto extremities means any
area of the body outside the thorax or thoracic region.
[0055] In a more preferred embodiment of the method of
the present invention, a baseline blood volume index is
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computed from the baseline value measurements of each
parameter to be monitored. This preferred embodiment of
the invention further obtains real time value measurements
of the parameters and then computes a real time blood
volume index by inputting the baseline and real time values
into an algorithm which considers the differences or changes
between the baseline and real time value measurements. The
algorithm includes coeflicients for weighting each parameter
so that each parameter is weighted equally in the blood
volume index so that relevant changes in the trend of a
parameter do not overshadow relevant trend changes in the
other parameters. The current algorithm computing the
blood volume index (BVI) is discussed in more detail above.
[0056] In addition, in the preferred embodiment, the blood
volume index is then monitored (either automatically or
manually) to determine whether a predetermined blood
volume index threshold (typically set between 10 and 20%
of the subject’s TBV) is reached indicating potential bleed-
ing. In a most preferred embodiment, the baseline BVI
would be set at 100 and the threshold would be set at 85 so
that a clinician would be alerted when the BVI reaches 85
which would indicate that the subject has lost 15% of his/her
total blood volume (TBV).

[0057] As indicated above, the method of the present
invention is also capable of detecting intravascular fluid
increases, i.e. fluid gains, which can occur if the subject is
administered too much saline solution. In this case, the
system of the present invention can be set to detect such
elevated intravascular fluid levels by setting the system to
set off an alarm or signal when the subjects BVI reaches a
threshold of 110 which would indicate a 10% increase in
intravascular fluid levels.

[0058] The present invention also provides a monitoring
apparatus or system for carrying out the method of the
present invention. The preferred embodiment of the system
monitors five parameters which are 1) bioimpedance 2) heart
rate 3) skin temperature 4) skin humidity 5) peripheral blood
flow. As set forth in FIG. 12, the five parameter measure-
ments are displayed on a monitor screen in numeric unit
form in the parameters measured table, as a percentage
change in the parameter gauge display, and collectively
compiled and computed to display an index in the blood
volume index display.

[0059] Bioimpedance: Regional bicimpedance (BI) is
measured across the forearm or calf to detect intravascular
fluid changes. As blood flow to the extremity is reduced BI
is expected to increase. As blood flow to the extremity is
further reduced through vasoconstriction, BI will continue to
increase as a result. BI is displayed in ohms within the
parameters measured table as a numeric value and as a trend
in the parameter dashboard for BL

[0060] Heart Rate: Heart Rate (HR) is measured with a
photoelectric sensor and displayed as beats per minute in the
parameters measured table. Effects from the onset of blood
loss on heart rate vary by subject but generally hemorrhagic
bleeding is accompanied by an increased heart rate. Heart
rate is displayed within the parameters measured table as a
real-time numeric value and as a trend in the parameter
dashboard for HR.

[0061] Peripheral Blood Flow: Peripheral Blood Flow
(PBF) is the amplitude of arterial blood flow measured
through the peripheral extremities. Blood loss causes varia-
tions in amplitude of the blood volume pulse wave which is
measured by a photoelectric sensor. Reductions in peripheral
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blood flow are noted by a decrease in pulse wave. Peripheral
blood flow is displayed within the parameters measured
table as a real-time numeric value and as a trend in the
parameter dashboard for PBF. While photoelectric sensors
are currently used to measure PBF, better results may be
obtainable by using the BI electrodes which should be more
stable and less susceptible to patient movement. The PBF
parameter may also be computed from a multitude of data
within the signal, other than just amplitude, such as peak
value, pulse width and the slope of the signal.

[0062] Humidity: Skin Humidity or Electrodermal con-
ductance is also commonly referred to as Galvanic Skin
Reflex (GSR). Skin humidity is expected to increase with
greater activation of the sympathetic nervous system during
blood loss. Humidity is displayed within the parameters
measured table as a real-time numeric value and graphically
in the parameter dashboard for GSR.

[0063] Temperature: Skin temperature is measured with a
temperature sensitive semi-conductor sensor. Note: skin
temperature may vary depending on environmental expo-
sure. As a result of the anticipated peripheral vasoconstric-
tion caused by blood loss, skin temperature will decrease.
Skin temperature is displayed in degrees Fahrenheit within
the parameters measured table as a real-time numeric value
and as a trend in the parameter dashboard for S. TEMP.
[0064] BV Index: The BV index is calculated by compar-
ing baseline values of the five parameters to current patient
conditions (See FIG. 13). A trend will be displayed reflecting
sensor input changes from physiological response of the
subject to their clinical status. The starting value of the
Blood Volume (BV) Index is displayed as 100, and each
parameter measured will be expressed as percent change
relative to baseline values.

[0065] A trend in a stable condition or a condition with
no change will show the BV Index line as a horizontal
line.

[0066] A trend above the BV Index line could indicate

fluids being added or recovery from blood loss.

[0067] A trend below the BV Index line would indicate
blood loss.

Start: Selecting the start button will initiate patient moni-
toring and baseline values to establish the BV Index. The
baseline values may take up to 4 minutes; the subject should
remain still, the patient cable should not be disconnected.
The Set Up button will be deactivated while the baseline
values are being established.
Stop: Selecting the STOP button will pause/stop the moni-
toring data collection. The Set Up function will now become
activated for selection.
Set Up: Selecting the Set Up button will prompt the Set Up
window to appear on the monitor screen. From the Set Up
window, Blood Volume Index (BV Index) time scales, Data
Output options and Patient identification numbers may be
changed. The Set Up button is only accessible when the
monitor data recording is not running
[0068] BV Index: Incremental time scales of 1 hour to 99
hours may be selected. The selected time scale will then be
displayed on the BV Index monitor screen. The 3 hour scale
is the default setting.
[0069] Bioimpedance Adjustment: Bioimpedance values
displayed in the Parameter Gauges and BV Index displays
may be adjusted to compensate for postural changes. A 3%
adjustment is the default setting. Bioimpedance values dis-
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played in the Parameter Measure Window are absolute
real-time values and are unadjusted.

[0070] Data Output: In the Data Output window, one of
the four selections may be made.

[0071] 1. Store Data—Data will be stored in the sys-
tem’s internal memory only. No data will be streamed
to the USB port.

[0072] a. Erase Old Data—all data stored on the
system’s internal memory will be purged.

[0073] 2. Live Streaming—Data will be streamed to
USB port only. No data will be stored in the system’s
internal memory. (Default setting).

[0074] 3. Offline Streaming—Data saved in the sys-
tem’s internal memory will be streamed to the USB
port.

[0075] Patient Information: Unique 3 digit numeric patient
identifier may be selected by scrolling up or down using the
arrowed buttons. The patient identification number will be
displayed in the recording window on the monitoring screen.
Shut Down—Selecting the Shut Down button will prompt
the Shut Down window to appear on the screen allowing for
confirmation OK to power off the system or cancel. An
additional power switch is on the right—top side of the
monitor which may be used for the same function.

Message Window: The message window displays prompts:

[0076] Press START button to start monitoring.

[0077] Baseline data capture is in progress. Please do
not disconnect patient cable. (Baseline values may take
up to 4 minutes)

[0078] Baseline data capture is finished. Patient moni-
toring 1is in progress.

Recording Window: The recording window displays:

[0079] Patient ID #: (Value is selected from the Set Up
window. Data collected will be recorded under this
number).

[0080] Duration: (time elapsed in hours: minutes: sec-
onds).

[0081] Memory Usage: (memory storage capacity (per-
centage) elapsed).

Set Up
Monitor
[0082] The system is set-up for data collection by follow-

ing the steps in the sequence below:

[0083] 1. Connect the power cable to the appropriate
socket on the right side of the monitor (FIG. 14).

[0084] 2. Attach the patient cable to the lower left side
of the monitor (See FI1G. 14).

[0085] 3. The USB cable from the device may be
connected to a computer with data collection software.

[0086] 4. Press the power button labeled ON/OFF. A
green LED light will be illuminated to confirm power
supply to the monitor (See FIG. 14).

[0087] 5. Selecting the Set Up button from the moni-
toring screen will allow changes to (See FIG. 15):
[0088] a) BV Index time scale display.

[0089] b) Bioimpedance Adjustment values.

[0090] c¢) Data Output.

[0091] d) Patient Information.

[0092] Once setting changes are complete, select the
OK button. A confirmation window will appear to
verify settings. By selecting Cancel, original settings
will be returned.
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Sensor Placement

[0093] 1. Prep the area with an alcohol swab, apply the
four self-adhesive electrode pads to either the forearm
or calf (See FIG. 16a or FIG. 165).
[0094] 2. Connect the colored patient cable leads to the
appropriate electrode (See FIG. 16a or FIG. 165).
[0095] 3. The patient cable consists of 3 sensors, a PPG
sensor and 2 GSR sensors. Opposite to the arm iden-
tified for the blood draw; place the PPG sensor onto the
3rd finger ensuring the sensor is correctly aligned with
the finger nail icon on the PPG sensor. The GSR sensors
are secured onto the index and 2nd finger pads of the
same hand as the PPG sensor (See FIG. 17).
[0096] The above-described embodiments of methods and
apparatus for detecting blood loss and intravascular fluid
gains of a mammalian subject are exemplary only. The
following claims are not intended to be limited to these
exemplary embodiments. Various modifications and addi-
tions can be made to the exemplary embodiments discussed
without departing from the scope of the present invention.
For example, while the embodiments described above refer
to particular features, the scope of this invention also
includes embodiments having different combinations of
features and embodiments that do not include all of the
described features. Accordingly, the scope of the present
invention is intended to embrace all such alternatives, modi-
fications, and variations as fall within the scope of the
claims, together with all equivalents thereof.
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1. A noninvasive method for detecting blood volume
imbalances in a mammalian subject comprising:

providing apparatus including a number of noninvasive

sensors, communicable with the subject to obtain base-
line and real time (current) physiologic value measure-
ments from the subject; and at least one integrated
circuit, operably connected with the sensors and con-
figured to
i) compute a real time (current) blood volume index
from the physiologic value measurements wherein
the blood volume index is derived from at least three
physiological parameters selected from the group
including heart rate, electrical body impedance, skin
temperature, peripheral blood flow and skin humid-
ity and wherein measurements of electrical body
impedance, skin temperature, peripheral blood flow
and skin humidity are taken at one or more extremi-
ties of the subject, and wherein the parameters are
monitored by obtaining real time (current) value
measurements for the parameters which are inputted
into an algorithm which computes the real time
(current) blood volume index based upon the differ-
ences between the baseline and real time (current)
value measurements and wherein the algorithm
includes coeflicients for accurately weighting each
parameter in the real time blood volume index, and
i) display the real time (current) blood volume index
on a display of the apparatus, wherein the display is
initially set to display a starting value blood volume
index which indicates 100% of the subject’s normal
total blood volume and wherein the displayed real
time (current) blood volume index is capable of
indicating a blood volume change in the subject of as
low as 10% of the subject’s total blood volume;
obtaining baseline physiologic value measurements of at
least three of said physiological parameters from a
subject; and,

monitoring the physiological parameters for which said

baseline physiologic value measurements were
obtained to detect changes from the baseline measure-
ments that indicate blood volume imbalances as low as
10% of the subject’s total blood volume.

2. The method of claim 1 wherein baseline measurements
of at least four physiological parameters from the group
consisting of heart rate, electrical body impedance, skin
temperature, perfusion index, peripheral blood flow and skin
humidity are obtained.

3. The method of claim 1 wherein baseline measurements
of at least five physiological parameters from the group
consisting of heart rate, electrical body impedance, skin
temperature, perfusion index, peripheral blood flow and skin
humidity are obtained.

4. (canceled)

5. The method of claim 1 further comprising monitoring
changes from the baseline measurements to determine
whether a predetermined change threshold is reached.

6. The method of claim 5 further comprising sounding or
signaling an alarm when a threshold is reached.
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7. (canceled)

8. The method of claim 1 wherein the blood volume
indeX:( 1 00*(1 _(((BIReaZtime_BIBaseZine)‘/BIBaseZine) *BICoeﬁ’
cient)~((HR goaizinme=HR 3 gsetiee) HRBaseZine*HRCoeﬁcient)+
(((PBFReaZn'me_PBFB

aseline)/PBFBa:eZine *PBF Coeﬁicient)_
(((GSRReaZtime_GSRBaselme)/GSRB * (}SI{Coeﬁfcient)+

(STempeqzgime=STempz,.z,e)

STempzserime“STeMP coopicions))) Wherein BI is electrical
body impedance, HR is heart rate, PBF is peripheral blood
flow, GSR is galvanic skin response which measures skin
humidity and STemp is skin temperature and wherein the
subject’s baseline blood volume index is adjusted to display
a reading of 100 which indicates 100% of the subject’s
normal total blood volume.

9. The method of claim 8 wherein the blood volume index
has an active range between 110 and 60 and wherein a
reading of 85 indicates potential blood loss of about 15% in
an adult human subject and a reading of 110 indicates an
increase of about 10% in the subject’s intravascular fluid
levels.

10. The method of claim 8 wherein the blood volume
index has an active range between 140 and 45 and wherein
a reading of 45 indicates potential blood loss of about 55%
in an adult human subject and a reading of 140 indicates an
increase of about 40% in the subject’s intravascular fluid
levels.

11. The method of claim 8 further comprising monitoring
the real time blood volume index to determine whether a
predetermined blood volume index threshold is reached.

12. The method of claim 1 wherein the steps of computing
and monitoring are carried out using an electronic apparatus
and wherein the real time blood volume index generates an
output indicative of an estimated blood volume of the
subject.

13. The method of claim 1 wherein the extremities of the
subject at which measurements are taken include one or
more of the subject’s thigh, forearm, ankle, calf, fingers and
toes.

14-16. (canceled)

17. The apparatus of claim 28 further comprising a
perceptible blood volume indicator for conveying a current
estimated blood volume of the subject to a user of the
apparatus, said indicator being operably connected with the
at least one integrated circuit to receive the output indicative
of the estimated blood volume.

18. The apparatus of claim 28, wherein the sensors
comprise a plurality of electrodes disposed on a thigh band,
an ankle band or an arm band.

19. The apparatus of claim 28, wherein the sensors
comprise a plurality of electrodes disposed in a blood
pressure cuff.

20. The apparatus of claim 28, wherein the sensors
comprise a plurality of independently positionable elec-
trodes.

21-27. (canceled)

28. An apparatus for noninvasively detecting blood vol-
ume changes in a mammalian subject, the apparatus com-
prising:

a number of noninvasive sensors, communicable with the
subject to obtain baseline and real time (current) physi-
ologic value measurements from the subject; and

at least one integrated circuit, operably connected with the
sensors and configured to

aseline
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i) compute a real time (current) blood volume index
from the physiologic value measurements wherein
the blood volume index is derived from at least three
physiological parameters selected from the group
including heart rate, electrical body impedance, skin
temperature, peripheral blood flow and skin humid-
ity and wherein measurements of electrical body
impedance, skin temperature, peripheral blood flow
and skin humidity are taken at one or more extremi-
ties of the subject, and wherein the parameters are
monitored by obtaining real time (current) value
measurements for the parameters which are inputted
into an algorithm which computes the real time
(current) blood volume index based upon the differ-
ences between the baseline and real time (current)
value measurements and wherein the algorithm
includes coeflicients for accurately weighting each
parameter in the real time blood volume index, and

i) display the real time (current) blood volume index
on a display of the apparatus, wherein the display is

10
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initially set to display a starting value blood volume
index which indicates 100% of the subject’s normal
total blood volume, and wherein the displayed real
time (current) blood volume index is capable of
indicating a blood volume change in the subject as
low as 10% of the subject’s total blood volume.
29. The apparatus of claim 28 wherein the algorithm for
computing the blood volume index=(100*(1-(((Bl,

BIBaseZine)/ BIBa:eZine) *BICOeﬁciem)'(((HRReamme'HRBase’
Zi"e)/HRBaseZine*HRCoeﬁcient)+(((PBFRealrime_PBFBaseZine)/
PBE 3 getinePBE coegiciond ~((GSRacuirime=CSRpictine
GSRBaseZing*GSRCoeﬁicient)+(((STempReaZn'me_

STempyerie )/ STEMP 40 sine *STEMP 00 e ))) Wherein B
is electrical body impedance, HR is heart rate, PBF is
peripheral blood flow, GSR is galvanic skin response which
measures skin humidity and STemp is skin temperature and
wherein the subject’s baseline blood volume index is
adjusted to display a reading of 100 which indicates 100%

of the subject’s normal total blood volume.
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