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(57) ABSTRACT 

Non-invasive devices and systems to determine tissue wet 
ness/hydration based on relative changes in Subsurface resis 
tivities in tissue below an electrode array applied to a human 
body across different frequencies. For example, these a sen 
sor including arrays of current-injecting and Voltage-sensing 
electrodes may be placed on a subjects back to determine 
lung wetness. Systems and methods for determining tissue 
water content, systems and methods for determining lung 
wetness, sensors for determining relative changes in Subsur 
face resistivities across frequencies and systems and methods 
to determine which arrays of electrodes in a sensor to use to 
determine relative changes in Subsurface resistivities across 
frequencies are all described. 



Patent Application Publication Feb. 25, 2016 Sheet 1 of 62 US 2016/0051190 A1 

O 
CD c) E 

is as a is C E 2 CD 2 O 9 s 5. O C s CD 
s 5 5 Sit S 
es to o ?m ?h ?h iE?) <C 

2 CS C g 
Ed 
.9 as 
?r. . 

CD 
ww. 

f 

  



Patent Application Publication Feb. 25, 2016 Sheet 2 of 62 US 2016/0051190 A1 

CN CN CN CN 
O A O A ?h. A O A 

g g 

b 
9. Qi Y cN V S- V CN V 

?h A u o A a A ?h. A 
8 O 8. E n 

<C Dr. CD 
C s t s ?h es s vo 
O CD CD CS 
CO al 
5 p 8. CD CD 

V CN vo , H & A. -- a S I I- L 
CD 

S. 
g g s 

O CD 



Patent Application Publication Feb. 25, 2016 Sheet 3 of 62 US 2016/0051190 A1 

f 

g S 
A W 

  



Patent Application Publication Feb. 25, 2016 Sheet 4 of 62 US 2016/0051190 A1 

  



Patent Application Publication Feb. 25, 2016 Sheet 5 of 62 US 2016/0051190 A1 

S 

i. 
c) 

. 

t 

s 

  

  

  



US 2016/0051190 A1 Feb. 25, 2016 Sheet 6 of 62 Patent Application Publication 

> 
< s 

  

  

  

    

  

  

  

  

  

  

  

  

  

    

  



Patent Application Publication Feb. 25, 2016 Sheet 7 of 62 US 2016/0051190 A1 



Patent Application Publication Feb. 25, 2016 Sheet 8 of 62 US 2016/0051190 A1 

; 

s 
Sir 

s 

n 
(N 

O 
L 

s 

3. 
33 s 
5 p. 
53 E; 

  



US 2016/0051190 A1 Sheet 9 of 62 Feb. 25, 2016 Patent Application Publication 

FIG. 2C 

  



Patent Application Publication Feb. 25, 2016 Sheet 10 of 62 US 2016/0051190 A1 

n 
d 
s 

d 
s 

s 

S O 
N 

f ry 
o 
s s s 

w 
d 

s 

S.   





US 2016/0051190 A1 Feb. 25, 2016 Sheet 12 of 62 Patent Application Publication 

(TEM ALIA|| OnGNOO ?NIST) ESNOdSEE ALIALLSISEH OIWLOd 

uCALALLSIS3 

  

  



Patent Application Publication Feb. 25, 2016 Sheet 13 of 62 US 2016/0051190 A1 

FIG. 3E 
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Calculate Apparent Resistivities for the measurements of interest, 

(for each frequency of interest) over the volume beneath the tissue. 
505 

Use "best guess" or template for the forward 
problem. Perform for each required frequency. 

SO7 

Perform First Optimization. 509 

The forward problem data is compared against 
actual measured data. This is performed for each 
frequency. The data in the forward problem is 
adjusted to improve the match of the simulated 

Repeat until stopping criteria data with the measured data. 
is reached. Aim to minimize 
the difference between the 
measured data and the 
simulated data from the Perform Second Optimization. 511 

forward problem. 513 The percent frequency effect data is calculated 
from the forward problems from the multiple 

frequencies. The data is adjusted to improve the 
match of the simulated data with the measured 

data. 

Calculate Relative Percent Difference between 

resistivities at two frequencies. 

lf stopping criteria are met 
(falls within tolerance) then 

END 

F.G. 5 
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24O4. 
— 

Find the System's noise level using repeated homogenous 
tank measurements 2401 

Eliminate all resistivity arrays whose associated Voltage 
measurement is below this noise level. 2403 

2405 
K 

Calculate median depth of investigation for the arrays 
using the location of the current drives and voltage 
Sensing electrodes 24O7 

Assume a displaced location of the electrodes (e.g., 
randomly, by no more than 1/2 electrode spacing in each 
direction), and calculate each array's depth of 
investigation at the random displacements 24.09 

Calculate the deviation of each array across all its random 
displacements and normalize this deviation by the array's 
depth of investigation reported before the deviations 

2411 

Eliminate arrays whose deviation over depth measure 
exceeds a tolerance threshold (e.g., 5%) 2413 

Sort remaining arrays by depth of investigation 2415 

Use remaining (sorted) arrays to resolve the subsurface 
2427 

FG. 24 
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METHODS FOR DETERMINING THE 
RELATIVESPATAL CHANGE IN 

SUBSURFACE RESISTIVITES ACROSS 
FREQUENCIES IN TISSUE 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This patent application is a continuation of U.S. 
patent application Ser. No. 13/715,788, filed Dec. 14, 2012, 
titled METHODS FOR DETERMINING THE RELATIVE 
SPATIAL CHANGE IN SUBSURFACE RESISTIVITIES 
ACROSS FREQUENCIES IN TISSUE, Publication No. 
US-2013-0165761-A1, which claims priority to U.S. Provi 
sional Patent Application No. 61/570,655, filed Dec. 14, 
2011, titled “ELECTRICAL RESISTIVITY DETECTION 
OF TISSUE WETNESS”; U.S. Provisional Patent Applica 
tion No. 61/696,705, filed Sep. 4, 2012, and titled “A COM 
BINED ELECTRICAL RESISTIVITY ARRAY USED TO 
DETERMINE THE SPATIAL RELATIONSHIP OF THE 
RELATIVE PERCENT DIFFERENCE OF RESISTIVITY 
BETWEEN MULTIPLE FREQUENCIES IN SOFT TIS 
SUE'; and U.S. Provisional Patent Application No. 61/719, 
863, filed Oct. 29, 2012, and titled “DEVICES, SYSTEMS 
AND METHODS FOR DETERMINING THE RELATIVE 
SPATIAL CHANGE IN SUBSURFACE RESISTIVITIES 
ACROSS FREQUENCIES IN TISSUE. Each of these 
patent applications is herein incorporated by reference in its 
entirety. 

INCORPORATION BY REFERENCE 

0002 All publications, including patents and patent appli 
cations, mentioned in this specification are herein incorpo 
rated by reference in their entirety to the same extent as if each 
individual publication or patent application was specifically 
and individually indicated to be incorporated by reference. 

FIELD 

0003. The inventions described herein relate to methods, 
devices and systems for non-invasively determining the rela 
tive spatial change in Subsurface resistivities across frequen 
cies for a region of tissue beneath an array of electrodes 
placed on the surface of a body. In particular, described herein 
are methods, devices and systems for determining tissue wet 
ness by determining a distribution of a relative spatial change 
in Subsurface resistivities across frequencies determined 
from currents applied at high and low frequencies. In one 
example, the devices, methods and systems may be config 
ured to determine lung wetness; lung wetness determined this 
way may guide Subject treatment, and particularly treatment 
of heart failure subjects. 

BACKGROUND 

0004 Tissue water content is an important and informa 
tive diagnostic parameter. Dehydration decreases cognitive 
and physical work capabilities, while the excessive hydration 
(Swelling, edema) is a common symptom of cardiac, hepatic 
or renal pathology, malnutrition and many other pathologies 
and diseases. Edema causes muscle aches and pains and may 
affect the brain, causing headaches and irritability. Edema is 
a major symptom for deep venous thrombosis. It may be 
caused by allergies or more serious disorders of the kidney, 
bladder, heart, and liver, as well as food intolerance, poor diet 
(high Sugar & Salt intake), pregnancy, abuse of laxatives, 
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diuretics, drugs, the use of contraceptive pills, hormone 
replacement therapy, phlebitis, etc. 
0005 For example, muscle water content (MWC) is a 
clinically useful measure of health. Monitoring of muscle 
water content can serve as an important indicator of body 
hydration status in athletes during the training as well as in 
soldiers during deployment. It is generally known that body 
hypohydration causes severe complications, health and per 
formance problems, and that increasing body water weight 
loss causes increasing problems: water weight loss of up to 
1% causes thirst, 2% may cause vague discomfort and 
oppression, 4% may cause increased effort for physical work, 
5% may cause difficulty concentrating, 6% may cause impair 
ment in exercise temperature regulation, increases in pulse 
and respiratory rate; 10% may cause spastic muscles; and 
15% may cause death. Soldiers commonly dehydrate 2%-5% 
of body weight due to high rate of water loss from environ 
mental exposure and performing stressful physical work. 
Dehydration by modest amounts (2%) decreases cognitive 
and physical work capabilities, while larger water losses have 
devastating effects on performance and health. Numerous 
pathologic signs and symptoms due to body dehydration 
include digestion problems, high blood pressure, muscle 
cramps, etc. MWC monitoring by an objective instrument 
may help prevent hazard thresholds. This is important 
because Subjective indicators like thirst can be inadequate. 
0006 Control of MWC in athletes and soldiers could help 
in monitoring total body hydration during long-term endur 
ance exercise or performance in hot weather conditions. In 
addition, tissue wetness may be particularly helpful in assess 
ing lung wetness, which may be an important metric for 
treating cardiac disorders such as congestive heart failure. 
0007 Congestive heart failure (CHF) causes difficulty 
breathing because oxygen exchange in the lung is impeded by 
pulmonary congestion. The vast majority of CHF hospital 
admissions are because of difficulty breathing. Further, the 
high rate of CHF readmission (by some estimates approxi 
mately 24% within 30 days) is due to re-accumulation or 
inadequate removal of pulmonary congestion resulting in 
difficulty breathing. Currently, there is no quantifiable 
method or metric to identify pulmonary congestion and better 
prevent difficulty breathing and hospital admission. This 
problem is growing. In 2010, there was an estimated of 5.8 
million CHF cases in the US, with over 670,000 new cases 
each year. 
0008. A subject suffering from CHF may be diagnosed 
using a physical exam and various imaging techniques to 
image the Subject’s chest. Treatment typically includes the 
use of vasodilators (e.g., ACEI/ARB), beta blockers, and 
diuretic therapy (e.g., Lasix). Management of treatment often 
proves difficult and unsuccessful. In particular, diuretic 
therapy is difficult for Subjects and physicians to optimally 
manage. For example, changes in diet may require frequent 
changes in the diuretic therapy. Overuse (an underuse) of 
diuretic therapy may negatively impact clinical outcomes. 
0009 Pulmonary congestion is typically the result of high 
pulmonary blood pressures that drive fluid into the extra 
vascular “spongy' interstitial lung tissue. FIG. 1A illustrates 
a pair of lungs, and shows the interstitial lung space Surround 
ing the alveoli. High pulmonary blood pressures are present 
in Subjects with elevated intravascular filling pressures as a 
result of heart failure. This high pulmonary blood pressure 
may also lead to increased amounts of fluid entering the 
extravascular space. Congestion within the extra-vascular 
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interstitial lung tissue may prevent gas exchange ultimately, 
leading to a difficulty breathing that may require hospitaliza 
tion. Hospital therapies are typically directed at reducing the 
pulmonary blood pressure by removing intravascular fluid 
with diuretic therapy. Although subject symptoms may 
improve, significant extravascular interstitial fluid may still 
be present. Subjects may feel well enough for discharge, but 
only a small change in pulmonary blood pressures will cause 
fluid to quickly re-accumulate, requiring readmission. Thus, 
Subject symptoms do not reflect adequate treatment for the 
extent of the disease. Therefore, there is a need to detect and 
monitor extravascular interstitial fluid (e.g., lung wetness) 
and to provide an index or measure of the level extravascular 
interstitial fluid both instantaneously, and over time. 
0010. There are several methods for assessing total body 
water, as the most prominent indicator of hydration status, 
including methods based on bioelectrical impedance and con 
ductance. For example, U.S. Pat. No. 4,008,712 to Nyboer 
discloses method and apparatus for performing electrical 
measurement of body electrical impedances to determine 
changes in total body water in normal and deranged States of 
the body, U.S. Pat. No. 5,615,689 to Kotler discloses a 
method of predicting body cell mass using impedance analy 
sis, U.S. Pat. No. 6,280,396 to Clark discloses an apparatus 
and method for measuring Subjects total body water content 
by measuring the impedance of the body, and U.S. Pat. No. 
6,459,930 to Takehara et al. discloses a dehydration condition 
judging apparatus by measuring bioelectric impedance. 
However, these methods and systems have proven unreliable 
and difficult to implement. The aqueous tissues of the body, 
due to their dissolved electrolytes, are the major conductors 
of an electrical current, whereas body fat and bone have 
relatively poor conductance properties. Significant technical 
problems have hampered many such electrical methods for in 
Vivo body composition analyses; impedance spectroscopy is 
an attempt to refine bio-impedance measurements, which 
measures resistance and reactance over a wide range of fre 
quencies. A technique based on this approach is described in 
U.S. Pat. No. 6,125,297 to Siconolfi which describes a 
method and apparatus for determining Volumes of body fluids 
in a Subject using bioelectrical response spectroscopy. 
0011 Although various systems for using electrical 
energy have been proposed and developed, many of these 
systems are complex and difficult and expensive to imple 
ment. For example, systems such as electrical impedance 
imaging/tomography (EII/EIT) and applied potential tomog 
raphy have been described elsewhere. For example, a system 
Such as the one described in US 2007/0246,046 to Teschner et 
al. (and others owned by the Draeger corporation) uses an 
electrical impedance tomography (EIT) method for reconsti 
tuting impedance distributions. In Such systems, a plurality of 
electrodes may be arranged for this purpose on the conductive 
Surface of the body being examined, and a control unit, usu 
ally a digital signal processor, typically ensures that a pair of 
(preferably) adjacent electrodes are each Supplied consecu 
tively with an electric alternating current (for example, 5 mA 
at 50 kHz), and the electric voltages are detected at the 
remaining electrodes acting as measuring electrodes and are 
sent to the control unit. Typically, a ring-shaped, equidistant 
arrangement of 16 electrodes is used, and these electrodes can 
be placed around the body of a subject, for example, with a 
belt. Alternating currents may be fed into two adjacent elec 
trodes each, and the Voltages are measured between the 
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remaining currentless electrode pairs acting as measuring 
electrodes and recorded by the control unit. 
0012. Other described EIT systems, such as those illus 
trated in U.S. Pat. No. 7,660,617, US 2010/0228143, and WO 
917019454, do not show evidence that measurements would 
not vary with Subject habitus, e.g., body shape or geometry. 
0013 Unfortunately, electrical impedance methods have 
proven difficult to reliably and accurately implement for 
determining tissue wetness, and particularly lung wetness. 
Often, additional anthropometric terms (i.e., weight, age, 
gender, race, shoulder width, girth, waist-to-hip ratio, and 
body mass index) must be included in these previous predic 
tion models to reduce the error of the estimate within accept 
able boundaries. In addition, the reliability and reproducibil 
ity of the wetness estimates may vary depending on the 
geometry and placement of the electrodes. Thus, current 
methods and systems for assessing water content based on the 
bioimpedance of tissues may result in low accuracy, signifi 
cant dependence of testing results on the anthropometrical 
features of the subject and on electrolyte balance. 
0014. There is therefore a need for a simple and highly 
accurate method and device for monitoring tissue hydration 
status that can be used in a broad range of field conditions. 
00.15 Described herein are systems, devices and methods 
that may provide an objective measure of tissue wetness. In 
Some specific variations, the systems, devices and methods 
may be configured to measure pulmonary congestion (e.g., 
extravascular interstitial fluid) in in-subject and/or out-sub 
ject settings, including home use. For example, the systems 
described herein may provide non-invasive, accurate, and 
reproducible measures of pulmonary congestion. These sys 
tems may be referred to as lung fluid assessment monitors. 
Any of the systems described herein may include executable 
logic to detect tissue wetness utilizing relative percent differ 
ences of apparent resistivities from the skin into the tissue 
derived from applying currents and measuring Voltages in a 
specified geometric pattern of electrodes applied to the skin. 
The systems described herein may therefore be non-invasive, 
rapid, and do not use ionizing radiation. 
0016 Some variations of the systems described herein 
may be referred to as lung fluid assessment monitors, and may 
have executable logic configured to detect extravascular 
interstitial lung fluid utilizing determining relative spatial 
change in Subsurface resistivities across frequencies from the 
skin to the lung region derived from applying currents and 
measuring Voltages in a specified geometric pattern of elec 
trodes applied to the skin. As mentioned, these systems may 
also provide an objective absolute measurement of pulmo 
nary fluid status, such as an extravascular lung water (EVLW) 
index. The systems, devices and methods described herein 
may address many of the problems identified above, and may 
offer reliable and effective techniques for determining tissue 
wetness by determining a distribution of relative percent dif 
ferences of the tissue regions beneath the electrodes to derive 
a value or distribution of values that are independent of the 
Subject's body geometry. The resulting information may pro 
vide a map indicating the relative percent differences of spa 
tial distributions of resistivities within the body across mul 
tiple frequencies. Also described herein are methods of 
interpreting the relative percent difference map to determine 
tissue wetness and, in particular, to monitor changes in tissue 
Wetness. 
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SUMMARY OF THE DISCLOSURE 

0017 Described herein are non-invasive devices, systems 
and methods to determine tissue wetness. In general, the 
devices, methods and systems described herein determine the 
relative spatial change in Subsurface resistivities across fre 
quencies which are geometry independent and may be used to 
determine water content and/or tissue wetness for a region of 
tissue below a sensor having an array of current-injecting and 
Voltage sensing electrodes. 
0018. In general, a relative spatial change in subsurface 

resistivities across frequencies refers to the relative change in 
resistivities between one or more frequencies for a designated 
spatial region below the Surface on to which a sensor is 
placed. In the embodiments described herein, this may refer 
to the resistivity change in the region below a patch (of elec 
trodes) relative to one or more measurements taken at differ 
ent frequencies. 
0019. In general, the relative spatial change in subsurface 

resistivities across frequencies (which may also be referred to 
by the acronym RSCSRAF) refers to the relative spatial 
change in the region below (the Subsurface region) the sensor, 
which may also be referred to as a patch or electrode patch. 
Thus, the relative spatial change refers to the change in resis 
tivities for subsurface regions which are located beneath the 
sensor at various depths (Z) and lengths (X). The Subsurface 
resistivities have spatial locations within the mesh elements 
of the subsurface (i.e. in a finite difference or finite element 
analysis or analytic). As described in greater detail below, the 
Subsurface resistivities for a region under a sensor may be 
determined as a set of unknown resistivity variables con 
tained within a forward problem by which each subsurface 
resistivity variable can be solved at each frequency at which 
measurements are taken, using an iterative method by mini 
mizing the error between measured values of the system and 
corresponding outputs of the forward problem. This tech 
nique is called an inverse problem. Each Subsurface resistiv 
ity variable determined at a given frequency can be compared 
against its value determined at another frequency in a relative 
manner in which one value is divided by the other. Examples 
of relative spatial change values include ratios between two 
values or taking a relative percent difference between the two 
values, at high and low frequency values, i.e. 

OH 

OL 

100s Fli, 
OL 

OL OH 100: 
OL 

O 

100(pL - pH)f pH. 

Thus, one example of relative spatial change in Subsurface 
resistivities across frequencies the relative percent difference 
(RPD) in resistivity, e.g., at a low and high frequency. As 
described in detail below, the relative spatial change in sub 
Surface resistivities across frequencies can Surprisingly and 
robustly indicate the water content (e.g., hydration) of a tis 
Sue, and may be used to determine, track, or otherwise moni 
torhydration status. In some variations, an index of hydration 
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may be determined from the relative spatial change in Sub 
Surface resistivities across frequencies. 
0020 For example, a relative spatial change in subsurface 
resistivities across frequencies may be estimated as a relative 
percent difference in resistivity at a high and low frequency. 
In some variations, the relative percent difference of resistiv 
ity between a low and high frequency is determined for each 
region in the spatial distribution by multiple applied currents 
and measured Voltages and using mathematical inversion 
methods to construct a spatial image of the relative percent 
differences in resistivity within the subsurface spatial distri 
bution. An electrode array can be configured to consist of 
typically four electrodes where two electrodes are used for 
measuring electric current and two electrodes are used to 
measure differential voltage. The sensor, applied to the sub 
ject, contains numerous fixed spaced electrodes of which 
thousands of electrode arrays can be configured. The sensor 
may be referred to as a patch. 
0021. The sensor described herein may be sized and con 
figured to allow reliable detection of RSCSRAF for subsur 
face regions beneath the sensor. For example, the system may 
be configured to provide reliable detection of RSCSRAF as 
deep as three inches (e.g., 2" to 2.5") beneath the sensor. 
0022 Part I of this disclosure describes methods, devices 
and systems for determining tissue wetness. In general, the 
devices, methods and systems described herein may be used 
to determine RSCSRAF of a region within a body. In some 
variations, a map of the RSCSRAF in regions within the body 
may be created; this map may be displayed, or used internally 
and not displayed. Thus, in some variations the RSCSRAF 
may be used without producing an image. For example, the 
values may be stored as a vector or matrix of values that may 
be used to determine a physiological parameter, Such as lung 
wetness. In one variation, these values may be used to deter 
mine one or more hydration index(es), ranking or output 
using the non-invasive technology described herein. 
0023. In general, the system uses an applied sensor con 
sisting of multiple electrodes of which it can be configured to 
apply a series of electrical currents between drive (e.g. cur 
rent-injecting) electrodes of multiple frequencies and mea 
sures the voltage between selected pair of electrodes. The 
RSCSRAF may be used by physicians to improve the medical 
management of Subjects, including heart failure Subjects, by 
enabling appropriate and timely interventions that reduce 
unnecessary hospitalizations and slows disease progression 
amongst a growing population of chronic heart failure Sub 
jects throughout the world. 
0024. Any of the systems, devices and methods described 
herein may be configured to determine a relative spatial 
change in Subsurface resistivities across frequencies, and the 
resulting spatial distribution of relative changes in Subsurface 
resistivities (relative the different frequencies examined) may 
be used to determine characteristics of tissue in the spatial 
region examined, which corresponds to the region of tissue 
beneath the sensor. For example, any of the systems/devices 
and methods described herein may be used to determine 
tissue water content. 
0025 Thus, described herein are methods of determining 
water content of a subjects tissue using a sensor comprising 
a plurality of electrodes that is placed on the subject, the 
method including: applying currents between a first pair of 
electrodes on the sensor and detecting Voltages from a second 
pair of electrodes on the sensor at a plurality of current fre 
quencies; determining a relative spatial change in Subsurface 
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resistivities across frequencies from the applied currents and 
detected Voltages; and presenting a representation of water 
content for a region of tissue beneath the sensor based on the 
relative spatial change in Subsurface resistivities. 
0026 Determining the relative spatial change in subsur 
face resistivities across frequencies may include determining 
a distribution of relative percent difference (RPD) in resis 
tivities between the first frequency and the second frequency. 
As mentioned above, the relative percent difference in resis 
tivities is one way to represent a relative change in Subsurface 
resistivities across frequencies (e.g., 100 (p-pi)/p). 
0027 Determining the relative spatial change in subsur 
face resistivities across frequencies may comprise estimating 
a spatial distribution of sub-surface resistivities for a region of 
tissue beneath the sensor based on the applied currents and 
detected Voltages using an inverse problem to solve for the 
spatial distribution of subsurface resistivities by minimizing 
the error between detected values and those produced by a 
forward model calculating a change in Subsurface resistivi 
ties. 
0028 Applying current between a first pair of electrodes 
and detecting Voltages from a second pair of electrodes at a 
plurality of current frequencies may include applying current 
between a first pair of electrodes and detecting Voltages from 
a second pair of electrodes at any appropriate frequencies, 
including a high frequency and a low frequency. In some 
variations, more than two frequencies may be examined. In 
other variations, only two frequencies are used. For example, 
current may be applied at a low frequency of less than about 
100 kHz at a high frequency of greater than about 100 kHz. In 
Some variations, currents may be applied at a low frequency 
of about 50 kHz or less and at a high frequency of about 200 
kHz or more. 
0029. Any appropriate representation of water content 
may be presented. Appropriate representations may include 
visual, written, aural, pictorial, and/or alphanumeric, includ 
ing indices that represent water content. For example, pre 
senting a representation of water content may include gener 
ating an image representing the relative spatial change in 
subsurface resistivities for a region of tissue beneath the sen 
sor. Presenting a representation of water content may include 
presenting an index representing water content for the region 
of tissue beneath the sensor. 
0030. In general, a sensor may be placed anywhere on a 
subject for which water content is to be measured. Thus, 
placing a sensor typically comprises placing a plurality of 
electrodes on a subject. Examples of sensors are provided 
herein. In some variations the sensor may be configured to 
conform to the region of the body onto which it is placed, so 
that the sensor does not have to change the relative positions 
of the electrodes while still contacting the subjects skin. 
0031. Any of the steps described herein may be performed 
by a computer or machine including a processor, and thus 
may be performed by the processor or processors, including 
general-purpose or customized processors. The methods may 
be encoded in logic (hardware, software or firmware) that 
controls and specifically configured the device/computer to 
perform these steps. For example, the relative spatial change 
in Subsurface resistivities may be determined using a proces 
Sor unit coupled to a plurality of electrodes. 
0032. In another example described herein of methods of 
determining water content of a Subject's tissue using a sensor 
comprising a plurality of electrodes that is placed on the 
Subject, the method may include: placing the sensor on the 
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Subjects skin against a region of tissue, wherein the sensor 
comprises a plurality of current-injecting electrode pair com 
binations and a plurality of Voltage detection electrode pairs 
arranged across a Subject-contacting Surface of the sensor; 
independently applying current between at least some of the 
current-injecting electrode pairs while detecting Voltages 
from at least some of the Voltage detection electrode pairs, 
wherein currents are applied at a plurality of current frequen 
cies to each current-injecting electrode pair; determining a 
relative spatial change in Subsurface resistivities across fre 
quencies from the applied currents and detected Voltages; and 
presenting a representation of water content for a region of 
tissue beneath the sensor based on the relative spatial change 
in subsurface resistivities. 

0033. Another example of a method of determining water 
content of a Subject's tissue using a sensor comprising a 
plurality of electrodes placed on the Subject includes: placing 
the sensor on the Subjects skin against a region of tissue, 
wherein the sensor comprises a plurality of four point elec 
trode array combinations comprising a pair of current-inject 
ing electrode pairs and a pair of Voltage detection electrode 
pairs arranged across a subject-contacting Surface of the sen 
Sor, separately applying current between the current-injecting 
electrode pairs of at least some of the four point electrode 
arrays while detecting Voltages from the Voltage detection 
electrode pairs, wherein current is applied to the current 
injecting electrode pairs at a plurality of current frequencies; 
and determining a relative spatial change in Subsurface resis 
tivities across frequencies from the applied currents and 
detected Voltages; and presenting a representation of water 
content for a region of tissue beneath the sensor based on the 
relative spatial change in Subsurface resistivities. 
0034 Separately applying current may include applying 
current between the current-injecting electrode pairs of at 
least some of the four point electrode arrays at a high fre 
quency and a low frequency. For example, separately apply 
ing current may include applying current between the cur 
rent-injecting electrode pairs of at least some of the four point 
electrode arrays at a low frequency of less than about 100 kHz 
and applying a plurality of currents at a high frequency of 
greater than about 100 kHz. In some variations, separately 
applying current comprises applying current between the cur 
rent-injecting electrode pairs of at least some of the four point 
electrode arrays at a low frequency of about 50 kHz or less 
and applying a plurality of currents at a high frequency of 
about 200 kHz or more. 

0035 Any combination of four point electrode arrays may 
be selected. In some variations of four point electrode arrays, 
the current-injecting electrode pairs are in-line (so all four 
electrodes form a straight line) with the voltage detection 
electrodes. In some variations the current-injecting electrodes 
bracket or surround voltage detection electrodes. Different 
four point electrode arrays may share up to three electrodes in 
common with any other four point electrode array on the 
sensor. Examples of sensors including a plurality of four point 
electrode arrays are described herein. 
0036) A system for determining a subjects tissue hydra 
tion may include: a controller configured to control the appli 
cation of currents at a plurality of different frequencies 
between current-injecting electrode pairs on a sensor, and to 
concurrently receive resulting Voltage information from pairs 
of Voltage detection electrodes on the sensor, a processing 
unit in communication with the controller wherein the pro 
cessing unit is configured to determine a relative spatial 
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change in Subsurface resistivities across frequencies based on 
stimulation parameters of the applied currents and the result 
ing Voltages; and an output for outputting a representation of 
water content for a volume of the subject’s tissue from the 
relative spatial change in Subsurface resistivities. 
0037. Any of the systems described herein (which may 
also be configured as devices or apparatus) are adapted foruse 
with a sensor including a plurality of current-injecting elec 
trodes and Voltage sensing electrodes. In some variations the 
electrodes are included with the system, though they do not 
need to be; a variety of different sensors may be used. The 
electrodes (sensor) may be provided separately from the con 
troller and processor. Commercially, the system may be sold 
separately from the sensor, and the sensor element may be 
disposable or re-usable, as described in greater detail below. 
In some variations the system includes a sensor. For example, 
the system may include a sensor comprising a plurality pairs 
of current-injecting electrodes and a plurality of pairs of 
voltage detection electrodes, wherein the controller controls 
the application of currents at a plurality of different frequen 
cies between the current-injecting electrodes pairs. In some 
variations the system includes a sensor comprising a plurality 
of four point electrode arrays each comprising one pair of 
current-injecting electrodes and one pair of Voltage detection 
electrodes wherein the controller controls the application of 
currents at a plurality of different frequencies between the 
current-injecting electrodes pairs. In some variations the sys 
tem includes a sensor comprising a plurality pairs of current 
injecting electrodes and a plurality of pairs of Voltage detec 
tion electrodes wherein the plurality of pairs of current 
injecting electrodes and a plurality of pairs of Voltage 
detection electrodes are arranged in a line, further wherein the 
controller controls the application of currents at a plurality of 
different frequencies between the current-injecting elec 
trodes pairs. In some variations the system includes an adhe 
sive patch sensor having a plurality pairs of current-injecting 
electrodes and a plurality of pairs of Voltage detection elec 
trodes wherein the controller controls the application of cur 
rents at a plurality of different frequencies between the cur 
rent-injecting electrodes pairs. 
0038. The controller generally controls the application of 
current to electrodes and coordinates the acquisition of 
sensed Voltage. For example, a controller may be configured 
to control the application of current between the current 
injecting electrode pairs at a low frequency and a high fre 
quency; for example, a low frequency of less than about 100 
kHz and a high frequency of greater than about 100kHz, a low 
frequency of about 50 kHz or less and a high frequency of 
about 200 kHz or more, etc. 
0039. The processing unit is generally configured to deter 
mine the relative spatial change in Subsurface resistivities 
across frequencies. For example, the processing unit may be 
configured to (e.g., by applying processing logic) determine a 
distribution of relative percent difference (RPD) in resistivi 
ties between a first applied current frequency and a second 
applied current frequency over a Volume of the Subjects 
tissue. A processing unit may be configured to determine the 
relative spatial change in Subsurface resistivities across fre 
quencies by estimating a spatial distribution of Sub-Surface 
resistivities for a region of tissue based on the applied currents 
and resulting Voltages using an inverse problem to solve for 
the spatial distribution of subsurface resistivities by minimiz 
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ing the error between detected values and those produced by 
a forward model calculating a change in Subsurface resistivi 
ties. 
0040. The system may be configured to provide any appro 
priate output. For example, an output may be a visual output 
(monitor, Screen, printer, display, LEDs, etc.) an aural output 
(speaker, alarm, etc.), an electronic output (wireless, wired, 
etc.), or Some combination of Such outputs. In general, an 
output may be configured to present a representation of 
hydration (and/or water content) for a region of tissue beneath 
the sensor comprising an index of hydration (e.g., index of 
water content). 
0041. The system may be configured to apply current and 
take Voltages sequentially (e.g., at different frequencies and/ 
or at different electrode combinations of current-injecting 
and Voltage sensing electrodes) or simultaneously, or some 
combination or mixture of the two. For example, the control 
ler may be configured to control the application of currents at 
a plurality of different frequencies between current-injecting 
electrode pairs on the sensor So that the application of currents 
at a plurality of different frequencies is applied sequentially. 
0042. Also described herein are systems for determining a 
Subject's tissue hydration, the system may include: a sensor 
comprising a plurality of electrodes arranged across a Sub 
ject-contacting Surface of the sensor, from which a plurality 
of pairs of current-injecting electrodes and a plurality of pairs 
of Voltage detection electrodes are selectable; an energy 
Source configured to apply current between current-injecting 
electrode pairs at a plurality of different current frequencies; 
a controller configured to drive the energy source to apply 
current to pairs of current-injecting electrodes on the sensor 
and to concurrently receive resulting Voltage information 
from pairs of Voltage detection electrodes on the sensor; and 
a processing unit configured to determine a relative spatial 
change in Subsurface resistivities across frequencies based on 
stimulation parameters of the applied currents and the result 
ing Voltages. 
0043. As mentioned, any of the systems described herein 
may include (or be configured for use with) a sensor having a 
plurality of four point electrode arrays each comprising one 
pair of current-injecting electrodes and one pair of Voltage 
detection electrodes. The plurality of pairs of current-inject 
ing electrodes and the plurality of pairs of Voltage detection 
electrodes may be arranged along a line. Any of the sensors 
described herein may be configured as an adhesive patch 
sensor. For example, the adhesive may be a conductive mate 
rial (e.g., conducive gel) that is positioned between the skin 
and the electrode(s). 
0044 Any of the systems described herein may be config 
ured to determine the relative spatial change in Subsurface 
resistivities across frequencies by determining a distribution 
of relative percent difference (RPD) in resistivities between a 
first applied current frequency and a second applied current 
frequency. For example, the processing unit may be config 
ured to determine the relative spatial change in Subsurface 
resistivities across frequencies by estimating a spatial distri 
bution of sub-surface resistivities for a region of tissue based 
on the applied currents and detected Voltages using an inverse 
problem to solve for the spatial distribution of subsurface 
resistivities by minimizing the error between detected values 
and those produced by a forward model calculating a change 
in subsurface resistivities. 
0045 Another example of a system for determining a sub 
jects tissue hydration includes: a sensor comprising a plural 
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ity of four point electrode arrays, each four point electrode 
array having a pair of current-injecting electrodes and a pair 
of voltage detection electrodes, wherein the electrodes of the 
four point electrode arrays are arranged across a Subject 
contacting Surface of the sensor in a fixed relation; an energy 
Source configured to apply current between current-injecting 
electrode pairs of each of the four point electrode arrays at a 
plurality of different current frequencies; a controller config 
ured to control the energy source to apply current sequentially 
to pairs of current-injecting electrodes of at least a plurality of 
the four point electrode arrays, and to concurrently receive 
resulting Voltage information from the Voltage detection elec 
trodes; a processing unit in communication with the control 
ler that is configured to determine a relative spatial change in 
Subsurface resistivities across frequencies based at least in 
part on stimulation parameters of the applied currents and the 
resulting Voltages; and an output configured to present a 
representation of water content for a region of tissue beneath 
the sensor based on the relative spatial change in Subsurface 
resistivities. 

0046) Any of the devices, methods and systems described 
herein may be configured to detect and/or monitor lung wet 
ness. For example, described herein are systems, including 
sensors for determining, detecting, monitoring, tracking, and/ 
or treating lung wetness. In particular, described herein are 
implementations of the system and sensor specifically 
adapted for lung wetness applications. 
0047 For example, described herein are methods of non 
invasively determining lung wetness including the steps of: 
placing a sensor comprising a plurality of electrodes arranged 
in a proximal to distal active region on the Subject's back so 
that the proximal to distal axis of the sensor extends cranially 
to caudally along the Subject's back, and wherein the active 
region of the sensor is positioned lateral to the Subject's spine; 
using the sensor to determine a relative spatial change in 
Subsurface resistivities across frequencies based on applied 
currents and detected Voltages. 
0048. Any of these methods may include conforming the 
sensor the Subject’s skin as it extends along the length of the 
back. Placing the sensor may include positioning the active 
region of the sensor offset from the midline of the subjects 
back lateral to the spine. For example, placing the sensor may 
comprise placing the active region of the sensor offset from 
the midline of the subject's back lateral to the subject’s spine 
by approximately an inch. In some variations, placing 
includes placing the active region of the sensor along the 
subjects back from a region in line with the top of the sub 
jects Scapula and extending caudally for approximately 8 or 
more inches. In some variations, placing comprises placing 
the center of the active region of the sensor along the Subjects 
back from a region in line with the Subject’s lung. In addition 
(or alternatively), placing may include positioning a lateral 
edge of the active region of the sensor offset by approximately 
an inch from the midline of the subject's back. For example, 
placing may include placing the sensor so that the active 
region of the sensor extends laterally from about an inch from 
the midline of the subject's back to about 3 inches from the 
midline of the Subjects back. In some variations, each elec 
trode of the active region extends laterally from about an inch 
from the midline of the subject’s back to about 3 inches from 
the midline of the subjects back. 
0049 Any appropriate sensor may be used. Appropriate 
sensors include those that may be placed along the Subjects 
back while maintaining the relative positions of the electrodes 
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and good skin contact with the Subject's back. For example, a 
sensor may include a plurality of elongate electrodes 
arranged in parallel and oriented transverse to the proximal to 
distal axis of the sensor to form the active region. Placing may 
include placing the proximal portion of the active region of 
the sensor approximately in line with the top of the subjects 
Scapula. In some variations, placing comprises placing a 
middle portion of the sensor approximately in line with the 
Subject's lung. 
0050. In general, the relative spatial change in subsurface 
resistivities across frequencies may be determined using an 
inverse problem to solve for the spatial distribution of sub 
surface resistivities by minimizing the error between detected 
values and those produced by a forward model calculating a 
change in Subsurface resistivities. 
0051 Applying may include applying a plurality of cur 
rents between pairs of at least some of the electrodes, wherein 
current is applied to pairs of electrodes while detecting volt 
age with other pairs of electrodes, further wherein a plurality 
of current frequencies are applied. 
0.052 The step of using the sensor to determine a relative 
spatial change in Subsurface resistivities across frequencies 
may include determining a spatial distribution of relative 
percent differences of apparent resistivities at a high and a low 
frequency. 
0053 Any of these methods may include presenting a 
representation of lung wetness based on the relative spatial 
change in Subsurface resistivities across frequencies. 
0054. In some variations the method may include deter 
mining an index of lung wetness, or some other indicator of 
lung wetness. For example, the method may include deter 
mining a slope of the relative spatial change in Subsurface 
resistivities across frequencies extending from a more Super 
ficial region of the subject’s body to a deeper region of the 
Subject's body and providing an output indicating that the 
lung is dry based on the slope. In general, the methods may 
include a step of providing an output indicating that the lung 
is dry when the slope is above a predetermined value. 
0055 Also described herein are methods of non-inva 
sively determining lung wetness, the method comprising: 
applying currents at a plurality of frequencies from a sensor 
on a region of a subjects back; determining a spatial distri 
bution of relative spatial change in Subsurface resistivities 
across frequencies across the region of the Subject's back; 
determining a slope of the spatial distribution of the relative 
spatial change in Subsurface resistivities across frequencies 
from the spatial distribution across the region of the subjects 
back extending from more Superficial regions to deeper 
regions; and indicating that the lung is dry based on the slope. 
0056. In general, the step of indicating may include indi 
cating that the lung is dry when the slope is above a threshold. 
For example, indicating may comprise indicating that the 
lung is dry when the slope is positive. The method may 
include comparing an average of at least Some of the values 
from the relative spatial change in Subsurface resistivities 
across frequencies to a threshold value, and indicating that the 
lung is dry or wet based on the slope. Comparing an average 
may include comparing an average of values from the relative 
spatial change in Subsurface resistivities across frequencies 
(RSCSRAF) from a central subsurface region beneath the 
sensor to the threshold value. 
0057 Determining a spatial distribution of relative spatial 
change in Subsurface resistivities across frequencies may 
comprise determining a spatial distribution of relative percent 
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differences in resistivities. For example, determining the spa 
tial distribution of the relative spatial change in subsurface 
resistivities across frequencies may include determining the 
spatial distribution of relative percent differences between 
apparent resistivities at a high frequency and a low frequency 
from a region of a subject's back between the Scapula and 
spine. 
0058 As mentioned above, any of these methods may 
include placing the sensor on the Subject's back so that an 
active region of the sensor comprising electrodes extends 
cranially to caudally along the Subject's back, lateral to the 
Subjects spine. 
0059 Also described herein are methods of non-inva 
sively determining lung wetness comprising: applying cur 
rents at a plurality of frequencies from a sensor on a region of 
a subject's back; determining a spatial distribution of relative 
spatial change in Subsurface resistivities across frequencies 
across the region of the Subject's back; and comparing an 
average of at least some of the values from the relative spatial 
change in Subsurface resistivities across frequencies to a 
threshold value, and indicating that the lung is dry or wet 
based on this comparison. Comparing an average may com 
prise comparing an average of values from the relative spatial 
change in Subsurface resistivities across frequencies (RSCS 
RAF) from a central subsurface region beneath the sensor to 
the threshold value. In some variations, comparing comprises 
indicating that the lung is dry or wet based on the comparison 
and based on a depth of a peak relative spatial change in 
Subsurface resistivities across frequencies. 
0060 Also described herein are methods of non-inva 
sively determining lung wetness including: applying currents 
at a plurality of frequencies from a sensor on a region of a 
subjects back; determining a spatial distribution of relative 
spatial change in Subsurface resistivities across frequencies 
across the region of the Subject's back; determining a slope of 
the spatial distribution of relative spatial change in Subsurface 
resistivities across frequencies from the spatial distribution 
across the region of the Subject's back extending from more 
Superficial regions to deeper regions; indicating that the lung 
is dry when the slope is positive; and comparing an average of 
at least some of the values from the relative spatial change in 
Subsurface resistivities across frequencies to a threshold 
value, and indicating that the lung is dry or wet based on this 
comparison and based on the slope. For example, comparing 
an average may comprise comparing an average of values 
from the relative spatial change in Subsurface resistivities 
across frequencies (RSCSRAF) from a central subsurface 
region beneath the sensor to the threshold value. 
0061 Also described herein are methods of non-inva 
sively determining lung wetness, the method comprising: 
applying currents at a plurality of frequencies from a sensor 
on a region of a subjects back, determining a spatial distri 
bution of relative spatial change in Subsurface resistivities 
across frequencies across the region of the Subject's back; and 
comparing an average of values for the relative spatial change 
in Subsurface resistivities across frequencies from a central 
Subsurface region beneath the sensor to a threshold value, and 
indicating that the lung is dry or wet based on this comparison 
and based on a depth of a peak relative spatial change in 
Subsurface resistivities across frequencies. 
0062. The methods described include methods of non 
invasively determining lung wetness within a Subject’s body, 
the method comprising: placing a sensor comprising a plu 
rality of electrodes from which pairs of current-injecting elec 
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trodes and pairs of Voltage detection electrodes are selectable; 
applying currents between at least some of the pairs of cur 
rent-injecting electrodes at a plurality of different frequencies 
while detecting Voltages from pairs of voltage detection elec 
trodes; and processing the applied currents and Voltages to at 
the first and second frequencies to determine a relative spatial 
change in Subsurface resistivities across frequencies. 
0063 Another method of non-invasively determining lung 
wetness within a subject’s body includes: placing a sensor 
comprising a plurality of electrodes that are arranged in a line 
on the subject’s back, so that the plurality of electrodes extend 
cranially to caudally along the subject's back offset from the 
midline of the subjects back lateral to the subjects spine, 
wherein the electrodes are configured to form a plurality of 
four-point electrode array combinations, each comprising a 
pair of current-injecting electrodes and Voltage detection 
electrodes; applying a first frequency current between pairs of 
current-injecting electrodes of different four point electrode 
arrays while detecting Voltages from the pair of voltage detec 
tion electrodes in each array; applying a second frequency 
current between pairs of current-injecting electrodes of dif 
ferent four point electrode arrays while detecting Voltages 
from the pair of Voltage detection electrodes in each array; 
and processing the applied currents and Voltages at the first 
and second frequencies to determine a relative spatial change 
in subsurface resistivities across frequencies (RSCSRAF); 
and presenting a representation of lung wetness based on the 
relative spatial change in Subsurface resistivities across fre 
quencies. 
0064. Any of the systems, devices and apparatus described 
herein may also be configured to determine lung wetness. For 
example, described herein are systems for determining lung 
wetness including: a controller configured to control the 
application of currents at a plurality of different frequencies 
between current-injecting electrode pairs on a sensor, and to 
receive resulting Voltage information from pairs of Voltage 
detection electrodes on the sensor; a processing unit in com 
munication with the controller that is configured to determine 
a relative spatial change in Subsurface resistivities across 
frequencies based at least in part on parameters of the applied 
currents and the resulting Voltages; and an output for output 
ting a representation of lung wetness from the relative spatial 
change in Subsurface resistivities. 
0065. As with any of the systems and devices described 
herein, the systems may include a sensor or may not include 
a sensor but be configured for operation with a sensor. For 
example, a system may include a sensor comprising a plural 
ity pairs of current-injecting electrodes and a plurality of pairs 
of voltage detection electrodes. In some variations, the sensor 
includes a plurality of four point electrode arrays each com 
prising one pair of current-injecting electrodes and one pair of 
Voltage detection electrodes. The system may include a sen 
Sor comprising a plurality pairs of current-injecting elec 
trodes and a plurality of pairs of Voltage detection electrodes 
wherein the plurality of pairs of current-injecting electrodes 
and a plurality of pairs of Voltage detection electrodes are 
arranged in a line along a tissue-contacting Surface of the 
sensor. As mentioned above, the sensor may be configured as 
an adhesive patch sensor having a plurality pairs of current 
injecting electrodes and a plurality of pairs of Voltage detec 
tion electrodes. 
0066. In any of these systems/devices, the controller may 
control the application of current and the receipt of Voltage 
to/from the subjects tissue. For example, a controller may be 
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configured to control the application of current between the 
current-injecting electrode pairs at a low frequency and a high 
frequency, for example: a low frequency of less than about 
100 kHz and a high frequency of greater than about 100 kH; 
a low frequency of about 50 kHz or less and a high frequency 
of about 200 kHz or more, etc. 
0067. The processing unit may be configured to determine 
the relative spatial change in Subsurface resistivities across 
frequencies by determining a distribution of relative percent 
difference (RPD) in resistivities between a first applied cur 
rent frequency and a second applied current frequency over a 
Volume of the Subject's tissue. The processing unit may be 
configured to determine the relative spatial change in Subsur 
face resistivities across frequencies by estimating a spatial 
distribution of sub-surface resistivities for a region of tissue 
based on the applied currents and resulting Voltages using an 
inverse problem to solve for the spatial distribution of sub 
surface resistivities by minimizing the error between detected 
values and those produced by a forward model calculating a 
change in Subsurface resistivities. In some variations, the 
processor is configured to determine an index of lung wetness 
from the relative spatial change in Subsurface resistivities 
across frequencies, and further wherein the output is config 
ured to output the index of lung wetness as the representation 
of lung wetness. 
0068 Another example of a system for non-invasively 
determining lung wetness may include: a controller config 
ured to control the application of currents at a plurality of 
different frequencies to pairs of current-injecting electrodes 
on a sensor and to concurrently receive resulting Voltage 
information from pairs of Voltage detection electrodes on the 
sensor; a processing unit configured to process information 
about the applied current and resulting Voltage and to calcu 
late apparent resistivities at different frequencies, and to 
determine relative percent differences of the apparent resis 
tivities determined across different frequencies; and an output 
configured to present a representation of lung wetness based 
on the relative percent differences of the apparent resistivities 
determined across different frequencies. As mentioned, the 
controller may be configured to control the sequential appli 
cation of currents at a plurality of different frequencies. 
0069. As used herein, “apparent resistivities' may include 
those resistivities taken or estimated at the surface of the 
tissue. Subsurface resistivities are typically those estimated 
for regions within the tissue. Generally, the resistivities 
referred to herein are subsurface resistivities unless the con 
text indicates otherwise. 
0070. In variations including a sensor, the sensor may 
include a plurality of elongate electrodes arranged in parallel 
and transverse to a proximal to distal axis of the sensor, 
wherein the electrodes comprise a plurality of Voltage-sens 
ing Voltage detection electrodes and a plurality of current 
applying current-injecting electrodes. 
0071. In variations including an output, the system output 
may be configured to provide an index of lung wetness. In 
Some variations, the output is configured to provide a map of 
spatial resistivities, a map of the relative percent differences 
representing the region of the Subject tissue beneath the elec 
trode array, or both. 
0072 The processor may be configured to determine a 
slope of the spatial distribution of relative percent differences 
of the apparent resistivities; further wherein the output is 
configured to indicate that the lung is dry based on the slope. 
For example, the system may be configured to indicate that 
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the lung is dry when the slope is above a threshold. The 
system may be configured to indicate that the lung is dry when 
the slope is positive. 
0073. As mentioned above, sensors for determining tissue 
hydration/wetness are also described. In particular, sensors 
for determining lung wetness are described. These sensors 
may be used with systems other than those explicitly 
described herein, though they are particularly useful for the 
systems/devices and methods described herein. 
0074 The configuration of the sensor may generally 
include a sufficient number of appropriately dimensioned 
(e.g., sized) stimulation/detection electrodes in a predeter 
mined arrangement. In some variations, the sensor (and par 
ticularly a lung wetness sensor variations of the sensors gen 
erally described herein) is configured to extend cranially to 
caudally along an off-midline region of the Subjects back 
while maintaining good contact along the entire region. For 
example, the sensor may include: a flexible Support backing 
extending along a proximal to distal axis; a plurality of elon 
gate electrodes arranged in parallel and transverse to the 
proximal to distal axis of the Support backing to form an 
active region, wherein the active region extends between 
about 8 and about 14 inches along the proximal to distal axis; 
further wherein each of the electrodes is between about 1.5 
and about 2.5 inches long and between about 0.1 and about 
0.5 inches wide. This configuration may be an optimized 
variation for the determination of lung wetness. 
0075 From a sensor consisting of tens of electrodes, thou 
sands of tetrapolar arrays, consisting of two current elec 
trodes and two Voltage measurement electrodes, are possible. 
The device is connected to the sensor from which it can select 
tetrapolar arrays that are advantageous in determining lung 
wetness. A device may use programmable logic connected to 
the sensor from which it can select tetrapolar array configu 
rations and the frequency of the measurement. The tetrapolar 
arrays may be used by the device to determine the RSCSRAF 
in soft tissue. Many of the systems, devices and methods 
described herein are configured so that the sensor is applied to 
a region of the back that is just off the midline of the back, 
which may be particularly helpful for determining lung wet 
ness. In some variations the sensor (or a variation of the 
sensor) may be applied to other body regions. For example, in 
Some variations the sensor may be applied along the midax 
illary line (e.g., a coronal line on the torso between the ante 
rior axillary line and the posterior axillary line; the line may 
extend caudally from the Subjects armpit). In applying the 
sensor, the sensor may be applied so that the tip of the sensor 
is as far in the Subjects armpit as possible while maintaining 
good electrical contact. The electrodes may extend down the 
side of the body. In some variations, the same sensor config 
ured as described herein for use down the off-midline region 
of the back may be used in midaxillary placement; in some 
variations a modified version of the sensor (e.g., having fewer 
electrodes and/or electrodes of different dimensions) may be 
used. The spacing of the electrodes may or may not be equally 
spaced. Other than the midaxillary placement, the system and 
method may otherwise be the same. Such as determining the 
distribution of the RSCSRAF. 

0076. The sensor may be configured so that it extends 
down the Subjects back without losing contact (e.g., without 
wrinkling, bending, buckling, or otherwise losing contact). 
Loss of contact over all or a portion of the sensor (and par 
ticularly the active region containing the electrodes) may 
result in inaccuracies in the measurements which, while they 
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may be compensated by the other aspects of the system Such 
as the circuitry and analysis logic, could increase the time 
required for the analysis or the decease the accuracy. Thus, in 
general, the sensor may be flexible, thin and have a small 
overall area yet still be large enough to take reasonable mea 
Surements. Towards this goal, the sensor may have a width 
that is less than 2.5 inches. In some variations, the active 
region extends substantially across the entire width of the 
flexible Support backing, limiting the excess Support backing 
region (particularly laterally from the width) which may oth 
erwise lead to buckling or a loss of width. The support back 
ing may comprise a polyester material and an anti-bacterial 
titanium oxide material (e.g., coating, etc.). Further, in some 
variations the sensor is conformable to the contour of a sub 
jects back and has a thickness of less than about 5 mils. 
0077. In general, the sensor active region may include 
about 20 or more electrodes, about 25 or more electrodes, 
about 31 or more electrodes, or the like. The current-injecting 
electrodes may each be configured as current emitting elec 
trodes and may be connected to a dedicated current-injecting 
lead for the application of current. The sensing electrodes 
may be configured for sensing Voltage, and may each be 
connected to a dedicated sensing lead for sensing Voltage. The 
leads are typically insulated connections between the Surface 
of the electrodes applying current and/or sensing Voltage and 
the rest of the system, including the processors and the like. In 
Some variations the sensing electrodes and the current-inject 
ing electrodes alternate, with the first and last electrodes in the 
sensor (at the proximal and distal ends, respectively) current 
injecting electrodes. In some variation any electrode can be 
either a current drive electrode, Voltage sense electrode, or 
both a current drive electrode and voltage sense electrode. 
0078. In some variations the sensor further comprises a 
proximal grip region extending proximally of the active 
region and a distal grip region extending distally of the active 
region. This grip region may be particularly useful when the 
electrodes extend laterally (transverse to the proximal/distal 
axis) across the entire width of the sensor. 
0079. In some variations the sensor further comprises a 
graphic print layer that may indicate how to align to anatomi 
cal landmarks. 
0080. Any appropriate conductive material may be used to 
form the electrodes, including silver/silver chloride. In some 
variations the sensor includes a conductive gel on the elec 
trodes (or is compatible with a conductive gel). In some 
variations the conductive gel may include an adhesive. For 
example, Some variations, the sensor is non-adhesive and the 
gel adheres it to the Subject. 
0081. Any of the sensors described herein may be dispos 
able (including single-use) or reusable. The sensors may be 
provided sealed and with pre-applied conductive gel. Other 
variations of sensor designs are described and illustrated 
below. 
0082 For example, described herein are non-invasive lung 
wetness sensors including: a Support backing extending along 
a proximal to distal axis; a plurality of elongate electrodes 
each having a length of between about 1.5 and about 2.5 
inches and a width of between about 0.1 and about 0.5 inches, 
wherein the electrodes are arranged with their lengths per 
pendicular to the proximal to distal axis on a subject-contact 
ing Surface of the Support backing so that the electrodes 
extend in a line parallel to the proximal to distal axis of the 
Support backing to forman active region that extends between 
about 6 and about 14 inches along the proximal to distal axis; 
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and wherein the plurality of electrodes in the active region are 
configured to form a plurality of pairs of current-injecting 
electrodes and a plurality of pairs of Voltage detection elec 
trodes. 
I0083. The support backing may be flexible and relatively 
inelastic, so that the spacing between each of the electrodes 
remains relatively fixed as the sensor is manipulated. In some 
variations, the Support backing is less than about 5 mils thick. 
For example, the Support backing may comprise a polyester 
material. The width of the support backing may be less than 
2.5 inches. The Support backing may comprise a polyester 
material and an anti-bacterial titanium oxide material. 
0084. In some variations the sensor includes an adhesive 
hydrogel. The adhesive may be included in the hydrogel, 
which may be conductive. 
I0085. Any appropriate number of electrodes (e.g., >5) 
may be used. For example, the plurality of electrodes forming 
the sensor may comprise more than 6 electrodes, more than 
10 electrodes, more than 25 electrodes, etc. 
I0086. In some variations, the electrodes have a rectangular 
shape on the Support backing. The sensor may also include a 
plurality of leads extending only from one side of the Support 
backing. A proximal grip region may extend proximally of 
the active region and a distal grip region may extend distally 
of the active region of the sensor. The active region may 
extend substantially across the entire width of the flexible 
Support backing. In some variations, the electrodes comprise 
silver/silver chloride electrodes. In some variations, the sen 
sor has a thickness of less than about 5 mils. The electrodes 
may be separated by a fixed distance of between about 0.2 and 
about 0.5 inches on center down the proximal to distal length 
of the active region. The current-injecting electrodes and 
Voltage detection electrodes may alternate along the proximal 
to distal length of the active region. In some variations, any 
electrode can be both a current-injecting electrode and a 
Voltage detection electrode. 
I0087 Another example of a non-invasive lung wetness 
sensors includes: a flexible and inelastic Support backing 
extending in a proximal to distal axis; a plurality of six or 
more elongate electrodes, each having a length of between 
about 1.5 and about 2.5 inches and a width of between about 
0.1 and about 0.5 inches, wherein the electrodes are arranged 
with their lengths perpendicular to the proximal to distal axis 
on a subject-contacting Surface of the Support backing so that 
the electrodes extend in a line parallel to the proximal to distal 
axis of the Support backing to form an active region that 
extends between about 6 and about 14 inches along the proxi 
mal to distal axis; and an adhesive, conductive hydrogel on 
the Subject-contacting Surface that is configured to secure the 
sensor to a Subject's back. The hydrogel may extend com 
pletely over the Subject-contacting Surface of the sensor; thus 
in some variations, the sensor does not include an additional 
adhesive gasket. 
I0088 As mentioned above, the support backing may be 
sufficiently flexible and inelastic so that the spacing between 
each of the electrodes remains relatively fixed as the sensor is 
placed under tension of less than about two pounds of force; 
the Support backing may be less than about 5 mils thick; the 
Support backing may comprise a polyester material; the width 
of the Support backing may be less than 2.5 inches; the Sup 
port backing may comprise an anti-bacterial titanium oxide 
material. 

I0089 Another variation of a non-invasive lung wetness 
sensor includes: a flexible and inelastic Support backing of 
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less than about 5 mils thickness extending in a proximal to 
distal axis; a plurality of six or more elongate electrodes, each 
having a length of between about 1.5 and about 2.5 inches and 
a width of between about 0.1 and about 0.5 inches, wherein 
the electrodes are arranged with their lengths perpendicular to 
the proximal to distal axis on a subject-contacting Surface of 
the Support backing so that the electrodes extend in a line 
parallel to the proximal to distal axis of the Support backing to 
form an active region that extends between about 6 and about 
14 inches along the proximal to distal axis; an adhesive, 
conductive hydrogel extending completely over the active 
region on the Subject-contacting Surface that is configured to 
secure the sensor to a subjects back; an anti-bacterial tita 
nium oxide coating over at least a portion of the Support 
backing; and a plurality of leads, wherein each electrode is 
connected with a lead extending from a first side of the Sup 
port backing. 
0090 Also described herein are methods and systems for 
the use of the optimized tetrapolar arrays and device, includ 
ing the optimized placement of the sensor along an off-mid 
line in a cranial to caudal axis along the Subject's back. 
0091 For example, in general a sensor with voltage sens 
ing/current-injecting electrodes is applied to a specific region 
of a Subject's body and the patch configuration described 
above and may be optimized for use in this body region. The 
sensor may also include, for example, instructions, diagrams 
or other indicators instructing, illustrating or confirming 
proper placement of the sensor on the subject’s body. The 
proper placement of electrodes on the subject’s body, for 
example, typically includes the placement down the cranial 
to-caudal axis of the subject's back, just off of the midline of 
the subjects back (e.g., to the right or left of the subjects 
spine). This configuration may allow penetration of the elec 
trical signal within the body to a depth sufficient to reach the 
Subject’s lung region between the spine and Scapula. 
0092. For example, described herein are methods of 
applying a sensor to non-invasively determine lung wetness 
by determining within a Subject's body. In general, the sensor 
may be any plurality of electrodes described herein, including 
comprising of elongated electrodes arranged in parallel and 
transverse to a proximal to distal axis of the patch to form an 
active region. The method may include the steps of placing 
the sensor on the subjects back so that the proximal to distal 
axis of the sensor extends cranially to caudally along the 
Subject's back, and wherein the active region of the sensor is 
positioned offset from the midline of the subject’s back lateral 
to the subjects spine, further wherein the middle portion of 
the sensor is approximately in line with the lung; applying a 
plurality of currents from at least some of the electrodes at a 
plurality of frequencies and detecting Voltages from at least 
some of the electrodes in the array; and calculating the RSC 
SRAF based on the applied currents, detected voltages, for 
ward modeling and solving inverse problems. 
0093. Also described herein is the analysis of relative spa 

tial change in Subsurface resistivities across frequencies 
(RSCSRAF) data collected by applying a relative technique 
to normalize, allowing for accurate and reliable interpretation 
of the RSCSRAF, including methods and systems for differ 
ence techniques to determine lung wetness as mentioned 
above. 

0094. Also described herein is the use of various methods 
to interpret the RSCSRAF to accurately diagnose, monitor, 
treat, track, or otherwise identify lung wetness in one or more 
subjects. In particular, the methods described herein (as well 
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as System specifically adapted to preform them or enable their 
performance) include methods of determining if a Subject is 
experiencing lung wetness, even in the absence of other clini 
cal manifestations. 
0095. In general, the systems and methods described 
herein may implement one, or more than one, process or tests 
for determining lung wetness from the normalized RSCS 
RAF. In some variations, the methods and systems may apply 
sequential processes or tests to determine lung wetness. 
0096. For example, described herein are methods of non 
invasively determining lung wetness by determining a distri 
bution of the RSCSRAF within a subject’s body. In some 
variations this method includes: determining a spatial distri 
bution of relative percent differences in resistivities at a high 
frequency and a low frequency; determining the slope of the 
relative percent differences from the spatial distribution 
extending from a more Superficial region of the body to a 
deeper region of the body; and providing an output indicating 
that the lung is dry when the slope is positive. 
(0097. In general, the step of determining the RSCSRAF 
may comprise determining the spatial Subsurface resistivity 
at a high frequency and a low frequency from a region of a 
Subject's back between the Scapula and spine. For example, 
the method may include placing a sensor comprising a plu 
rality of electrodes arranged in an active region of the patch on 
the Subject's back so that the active region extends cranially to 
caudally along the subject's back offset from the midline of 
the subject's back lateral to the subjects spine. The method 
may also generally include applying a plurality of currents 
from a plurality of electrodes at a high frequency and a low 
frequency, and detecting Voltages from at least some of the 
electrodes in the array for the high frequency and for the low 
frequency. These voltages may be used to determine the RSC 
SRAF from the low and high frequencies for a region of the 
Subject beneath the sensor (e.g., through the back and into the 
lung). Thus, the method may include the step of calculating 
the RSCSRAF based on applied currents and detected volt 
ages for a high frequency and a low frequency. 
0098. The method may also include the step of comparing 
an average from a region of the RSCSRAF to a threshold 
value and the slope being negative provides an output indi 
cating that the lung is dry or wet. In any of the variations 
described herein the sum of the RSCSRAF may be used in 
place of the average. 
0099. The method may also include the step of comparing 
an average from the region of the RSCSRAF to a threshold 
value. In any of the variations described herein the sum of the 
RSCSRAF may be used in place of the average. 
0100. In general, any of the steps performed by these 
methods may be performed by a processor of a system for 
determining lung wetness. The processors described herein 
may include logic (software, hardware, firmware, etc.) for 
performing any of the steps, methods, and calculations 
described herein. For example, any of the systems descried 
herein may include a processor configured to receive electri 
cal information (e.g., voltage, current, etc.) from the sensor 
(e.g., the applied electrodes) and determine a distribution of 
the RSCSRAF. The processor (or another processor) may 
also be configured to apply logic to determine a distribution of 
geometry-independent derived values from the RSCSRAF 
(e.g., relative percent differences, phase angle, etc.). The sys 
tem may also include logic (e.g., modules, programs, etc.) 
configured to determine tissue (e.g., lung) wetness based on 
the derived values. 
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0101. In another variation of a method of non-invasively 
determining lung wetness by determining a distribution of the 
RSCSRAF within a subjects body, the method includes the 
steps of determining a spatial distribution of the RSCSRAF 
at a high frequency and a low frequency; determining an 
average of the RSCSRAF from a region of the spatial distri 
bution; comparing the average to a threshold value; and pro 
viding an output indicating that the lung is dry or wet based on 
the comparison between the average RSCSRAF and the 
threshold. The step of determining the average may include 
determining an average from a central region of the spatial 
distribution of the RSCSRAF. Comparing the average to a 
threshold value may include comparing the average to an 
empirically determined threshold value; in some variations 
the threshold value is about 15. 

0102 The method may also include the step of determin 
ing the slope of the RSCSRAF from the spatial distribution 
over a region extending from a shallower portion of the body 
(e.g., skin, muscle, etc.) to a deeper region of the body (e.g., 
lung); and providing an output indicating that the lung is dry 
when the slope is positive. 
0103) As mentioned above, the step of determining the 
spatial distribution may comprise determining the distribu 
tion of the relative spatial change in Subsurface resistivities 
between a high frequency and a low frequency from a region 
of a subject’s back between the scapula and spine. For 
example, the method may include the step of placing a sensor 
comprising an array of electrodes arranged in an active region 
of the sensor on the subjects back so that the active region 
extends cranially to caudally along the Subject's back offset 
from the midline of the subject's back lateral to the subjects 
spine. The method may also include applying a plurality of 
currents from a plurality of electrodes at a high frequency and 
a low frequency, and detecting Voltages from at least some of 
the electrodes on the sensor. Resistivities may be calculated 
based on applied currents and detected Voltages for a high 
frequency and a low frequency. 
0104. Also described herein are systems for non-inva 
sively determining lung wetness by determining a distribu 
tion of the RSCSRAF within a subject’s body. In some varia 
tions, the system comprises: a sensor with a plurality of 
elongate electrodes arranged in parallel and transverse to a 
proximal to distal axis of the sensor to form an active region, 
the sensor comprising a plurality of Voltage sensing elec 
trodes and a plurality of current-applying drive electrodes; a 
controller configured to apply a plurality of currents from at 
least some of the drive electrodes on the sensor at a plurality 
of frequencies; a processor configured to receive Voltage 
information from the numerous electrodes and to calculate 
apparent resistivities based on the applied currents; wherein 
the controller is further configured to determine the RSCS 
RAF from a high frequency and a low frequency. In some 
variations, the system also includes an output configured to 
provide an indicator of lung wetness extracted from the RSC 
SRAF. For example, the system may include an output con 
figured to provide a map of the spatial RSCSRAF and/or the 
relative percent differences representing the region of the 
Subject tissue beneath the sensor. 
0105. Also described herein are methods, devices and sys 
tems for selecting which tetrapolar arrays within the sensor 
are to be used to determine tissue wetness/hydration, includ 
ing lung wetness. When a tetrapolar array is used to measure 
apparent resistivity it is referred to as an electrical resistivity 
array. Different electrical resistivity arrays may provide better 
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signals for determining tissue wetness, and the quality and 
sensitivity of the estimates for tissue wetness may be 
enhanced by using a Subset of all possible arrays. In addition, 
not every possible electrical resistivity array need be used to 
determine tissue wetness. 

0106 For example, described herein are methods of deter 
mining which Subset of electrical resistivity arrays from a 
plurality of electrodes in a sensor to use to determine a relative 
spatial change in Subsurface resistivities across frequencies. 
The method may include: placing the sensor on a Subject So 
that at least some of the electrodes are in contact with the 
Subject's skin; scoring (e.g., ranking, rating, etc.) a plurality 
of electrical resistivity arrays, wherein each electrical resis 
tivity array comprises a pair of current-injecting electrodes 
and a pair of Voltage detection electrodes; applying current 
and recording Voltages from a subject using only those elec 
trical resistivity arrays meeting a selection criterion based 
upon their scores. 
0107. In general, scoring may comprise determining a 
score for an electrical resistivity array by estimating signal 
error for the electrodes in the electrical resistivity array and 
estimating a depth of investigation for the electrical resistivity 
array. For example, scoring may comprise determining a 
score for an electrical resistivity array by estimating one or 
more of signal error and depth of investigation for the elec 
trical resistivity array. Scoring may comprise determining a 
score for one or more of error due to placement, Voltage error, 
and current error, and depth of investigation for the electrical 
resistivity array. In some variations, scoring comprises com 
bining two or more estimations to form a score for the elec 
trical resistivity array, wherein the estimations are selected 
from the group consisting of error due to placement, Voltage 
error, and current error, and depth of investigation for the 
electrical resistivity array. In some variations, scoring com 
prises weighting each of the two or more estimations prior to 
combining them. 
0108. Applying current and recording Voltages from a 
Subject using only those electrical resistivity arrays meeting a 
selection criterion based upon their scores may include com 
paring scores between the electrical resistivity arrays and 
using only those whose scores are within a predetermined 
range of values. In some variations, applying current and 
recording Voltages from a Subject using only those electrical 
resistivity arrays meeting a selection criterion based upon 
their scores comprises ranking scores of the electrical resis 
tivity arrays and using a predetermined number of the elec 
trical resistivity arrays having the highest score values. 
Applying current and recording Voltages from a subject using 
only those electrical resistivity arrays meeting a selection 
criterion based upon their scores may comprise ranking 
scores of the electrical resistivity arrays and using a predeter 
mined number of the electrical resistivity arrays having the 
lowest score values. 

0109. In another variation, a method of determining which 
subset of electrical resistivity arrays from a plurality of elec 
trodes in a sensor to use to determine a relative spatial change 
in Subsurface resistivities across frequencies may include: 
positioning the electrodes on a Subject; scoring a plurality of 
electrical resistivity arrays, wherein each electrical resistivity 
array comprises a pair of current-injecting electrodes and a 
pair of Voltage detection electrodes, wherein the score com 
prises an estimation of signal error for the electrodes in the 
electrical resistivity array and an estimation of a depth of 
investigation for the electrical resistivity array; applying cur 
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rent and recording Voltages from a subject using only those 
electrical resistivity arrays meeting a selection criterion based 
upon their scores; and determining a relative spatial change in 
Subsurface resistivities across frequencies using applied cur 
rents and resulting Voltages only from those electrical resis 
tivity arrays meeting the selection criterion. 
0110. Also described are systems for determining a sub 
jects tissue hydration using a Subset of electrical resistivity 
arrays from a plurality of electrodes in a sensor to determine 
a relative spatial change in Subsurface resistivities across 
frequencies. Such a system may include: an electrical resis 
tivity array selector configured to score an electrical resistiv 
ity array, wherein each electrical resistivity array comprises a 
pair of current-injecting electrodes and a pair of Voltage 
detection electrodes; a controller configured to apply currents 
at a plurality of different frequencies between current-inject 
ing electrode pairs to concurrently receive resulting Voltage 
information from pairs of voltage detection electrodes of 
from those electrical resistivity arrays meeting a selection 
criterion based upon their scores; a processing unit in com 
munication with the controller that is configured to determine 
a relative spatial change in Subsurface resistivities across 
frequencies based on Stimulation parameters of the applied 
currents and the resulting Voltages; and an output for output 
ting a representation of water content for a Volume of the 
Subjects tissue from the relative spatial change in Subsurface 
resistivities. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0111 FIG. 1A shows a pair of lungs, illustrating some off 
the structures within and Surrounding them. 
0112 FIG.1B illustrates four variations of electrical resis 

tivity arrays that may be used. 
0113 FIG. 1C is a graph comparing 36 Wenner-Schlum 
berger type electrical resistivity arrays using point electrodes 
verse measured values using rectangular electrodes 
0114 FIG. 1D is a graph comparing 36 Wenner-Schlum 
berger type electrical resistivity arrays using the line-charge 
electrode model verses the measured values using rectangular 
electrodes (to be contrasted with FIG. 1C). 
0115 FIG. 1E is a representation of a saline tank model 
that may be used to test many of the devices, systems and 
methods described herein. 

0116 FIG.1F is a table for a Wenner array of electrodes, 
modeled from preliminary data showing that values can be 
predicted to within a reasonable measurement error. 
0117 FIG. 2A illustrates a possible location for placement 
of electrodes or a sensor on a Subject's back. 
0118 FIG. 2B shows the relationship between the scapula 
and lungs. 
0119 FIG. 2C is one representation of a system for mea 
Suring lung wetness as described herein. 
0120 FIG. 3A shows one example of an array of elec 
trodes as described herein; FIG. 3B is a schematic of another 
variation of an array of electrodes as described herein. 
0121 FIG. 3C shows the frequency response of the resis 

tivity of a test object (e.g., potato). 
0122 FIGS. 3D, 3E and 3F show heat maps of the RSC 
SRAF for the test object (potato) in a left, middle and right 
position within a test tank of Saline. 
0123 FIG.3G show another exemplary heat map showing 
the RSCSRAF of another biological model (“ribs” formed of 
a potato and plastic). 
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0.124 FIG. 4 is a schematic of one variation of a system as 
described herein. 
0.125 FIG. 5 is one example of a method of determining 
the spatial relationship of resistivities of a region of a body 
beneath an electrode array using the RSCSRAF. 
0.126 FIG. 6A shows a spatial map of resistivities in the 
control case, using a tank of saline. FIG. 6B shows a spatial 
map of RPD in the control case, using a tank of saline. 
(O127 FIGS. 7A and 7B shows a spatial map of resistivities 
and RPD, respectively, of a test case using a test object held in 
a saline tank. 
I0128 FIGS. 8A and 8B illustrate calculated apparent 
resistivity (FIG. 8A) in a pseudo-section beneath the elec 
trode array used in a test tank containing a test object. This 
data is generated and used to solve the forward and inverse 
problem to generate a spatial map of resistivity as shown in 
FIG. 8C and the graphical representation of apparent resis 
tivities illustrated in FIG.8B. The resistivity map (in FIG.8C) 
may be combined with a second map at a different frequency 
to produce a RPD map. 
0129 FIGS. 9A and 9B illustrate another calculated 
apparent resistivity (FIG.9A) in a pseudo-section beneath the 
electrode array and RPD. The test object include the same test 
object of FIGS. 8A-8B but separated from the electrode array 
by a second (organic) test material. FIG. 9B shows a spatial 
map of the apparent resistivities. FIG.9C shows a resistivity 
map similar to the map shown in FIG. 8C. 
0.130 FIG. 10 illustrates the frequency response of water 
(top trace) compared to a biological material (bottom trace) 
from low to high frequencies of applied current. 
I0131 FIG. 11 illustrates a theoretical model showing the 
distribution of equipotential lines and current paths for an 
exemplary patch electrode on a surface having varying resis 
tivities with depth. The amount of current used to make the 
measurements is imperceptible to the Subject/patient. 
I0132 FIG. 12 schematically illustrates one variation of a 
method for applying a drive current and detecting (sensing) 
voltages to detect resistivities at different depths. In this 
example there are approximately 100 current drive pairs (cur 
rent-injecting) and 250 voltage sensing measurements. By 
combining shallow and deep sensitivity measurements we 
can infer depth of objects. Shallow sensitivity may be 
achieved when Voltages are measured close to the current 
drive pairs. Deep sensitivity may be achieved when Voltages 
are measured away from the current drive electrodes. 
Approximately 100 current-injecting pairs and 250 Voltage 
sensing measurements are used in this example. By combin 
ing shallow and deep sensitivity measurements, the depth of 
objects can be inferred. 
0.133 FIG. 13 schematically illustrates determining a spa 

tial distribution of resistivities for subsurface regions beneath 
an array of electrodes (“imaging Subsurface'). Knowing the 
resistivity of the subsurface allows the calculation of the 
Voltages on the Surface. An image may be produced by opti 
mizing the resistivity in the Subsurface to match the Voltage 
measurements at the surface. The volume beneath the sensor 
may be divided up into various subsurface layers/volumes 
and represented by the mesh elements (grid) beneath the 
electrodes in the sensor. 
0.134 FIG. 14 illustrates one method of normalizing the 
resistivities determine as illustrated in FIG. 13 by determin 
ing a relative percent difference. 
0.135 FIG. 15 is a schematic and resulting spatial distri 
bution for an exemplary system determining the relative per 
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cent difference of a test biological material in a saline envi 
ronment (biological inclusion in a saline tank). Saline has a 
low relative percent difference in resistivity between two 
frequencies 1501. An inclusion with cellular structure has a 
high relative percent difference in resistivity between two 
frequencies 1505. 
0.136 FIG. 16A shows one example of a spatial distribu 
tion of relative percent differences of resistivities between a 
low frequency (e.g., 20 kHz) and high frequency (e.g., 200 
kHz) resistivity determination for a region of a healthy sub 
ject beneath a patch electrode array. 
0.137 FIG.16B shows an example of a spatial distribution 
of relative percent differences similar to that shown in FIG. 
16A, only taken from an edematous Subject. 
0138 FIGS. 17A and 17B illustrate various methods of 
determining if a lung is wet or dry using a spatial distribution 
of relative percent differences (a subset of the relative spatial 
change in Subsurface resistivities across frequencies) Such as 
those shown in FIGS. 16A and 16B. 
0139 FIG. 18A illustrates another example of a spatial 
distribution of relative percent differences from a subject that 
does not have wet lung (showing a central region and gradient 
method of extracting information from the spatial distribution 
of relative subsurface resistivities). FIG. 18B illustrates on 
test for determining if the lung is wet or dry using the exem 
plary data shown in FIG. 18A. 
0140 FIG. 19 illustrates 2 metrics that provide examples 
of methods for determining if a lung is wet or dry applied to 
screened healthy Subjects (circles) with dry lungs, and 
edematous Subjects (squares) having wet lungs, using an 
average of a central region of the spatial distribution of rela 
tive percent differences for each subject. 
0141 FIG. 20 shows a measure of clinical progression for 
four Subjects monitored as described herein using an average 
of a central region of the spatial distribution of relative per 
cent differences for each subject. 
0142 FIG. 21 illustrates a single pole-pole array. 
0143 FIGS. 22A-22J show Table 2, showing DCIs that 
satisfy: (1) Relative % depth variance less than 3%; and (2) 
line charge K-factor does not vary from point charge K-factor 
by more than 3%. 
014.4 FIG. 23 illustrates a graph of the distribution of the 
number of sub-arrays versus the depth of investigation (DOI) 
for sub-arrays above the threshold of deviation of the depth of 
investigation (Am/m-20%) and threshold of voltage drop 
(AV).5 mV). 
0145 FIG. 24 illustrates one variation of a method of 
determining which arrays of electrodes to use from a sensor. 

DETAILED DESCRIPTION 

0146 The devices, systems and methods described herein 
allow non-invasive determination of one or more measures of 
soft tissue hydration which is largely indifferent to body 
habitus (e.g. skeletal and thoracic geometry across Subjects). 
These methods, systems and devices utilizing the relative 
spatial change in Subsurface resistivities across frequencies 
(RSCSRAF). The RSCSRAF may be taken within a subject 
to cancel out insulating boundary conditions presented by the 
outer shape of the subjects torso. Several metrics of soft 
tissue hydration may be determined from the RSCSRAF. 
0147 To provide a measure of soft tissue hydration across 
Subjects of varying body habitus (e.g., skeletal and thoracic 
geometry), these systems, devices and methods compensate 
for the effects of varying anatomical geometry on the electri 

Feb. 25, 2016 

cal apparent resistivity measurements. The outer shape of a 
Subjects torso and non-conductive tissue typically presents 
an insulating boundary condition. Tissue structures Such as 
bone appear as an insulator relative to muscle. It is well 
known that insulating boundary conditions influence the 
direction of the current lines of flux and thus the electric 
fields. The boundary has more influence on current lines and 
electric fields when an electrode is closer to a boundary. 
0.148. For apparent resistivity measurements taken on the 
torso, with an array of electrodes (the sensor) with spacing 
chosen to provide sensitivity to underlying tissue, the finite 
boundary conditions of the torso should be considered. If the 
finite boundary conditions are not considered or accurate, the 
spatial resistivity values derived by electrical resistivity 
tomography will be inaccurate (also known as electrical 
impedance tomography). 
0149. A problem arises incorporating the torso boundary 
shape into calculating electrical resistivity tomography, as the 
geometry of the human torso varies significantly among 
people. Models of the human torso are constructed as an 
attempt to incorporate the boundary into the electrical resis 
tivity problem. A boundary model may be an ellipsoid with 
principle dimensions similar to that of the human torso or, the 
models may be imported from other imaging modalities. 
However, these techniques are prone to error, require external 
tools, and take time to measure. Whatever the model, the 
imperfect fit of the model to the actual subject will generate 
errors on the boundary of the forward problem and propagate 
errors to spatial resistivities found using inverse problem 
techniques. 
0150. As described in greater detail below, an electrode 
array can be configured to consist of typically four electrodes 
where two electrodes are used for measuring electric current 
and two electrodes are used to measure differential Voltage. 
The sensor, applied to the Subject, contains numerous fixed 
spaced electrodes of which thousands of electrode arrays can 
be configured. When a tetrapolar array is used to measure 
apparent resistivity it is referred to as an electrical resistivity 
array. Different electrical resistivity arrays may provide better 
signals for determining tissue wetness, and the quality and 
sensitivity of the estimates for tissue wetness may be 
enhanced by using a Subset of all possible arrays. The elec 
trodes may be divided into electrical resistivity array consist 
ing of Sub-sets of the electrodes that are used for application/ 
sensing of current/voltage to estimate tissue wetness. To 
understand the structure and function of an appropriate sensor 
(and the configuration of electrical resistivity array), consider 
an exemplary sensor comprising an electrical resistivity array 
of four electrodes that may be used for measuring electric 
current and differential Voltage. In general, common electri 
cal resistivity array types may include Wenner-Schlumberger, 
Dipole-Dipole and Gradient. Electrode arrays are widely 
used to measure resistivity across both large and Small scales, 
for example, ground water reservoir Surveys in geophysics 
and wafer fabrication applications in semiconductor manu 
facturing, respectively. FIG. 1B illustrates three common 
sub-array types, where the current is driven between C1 and 
C2 and voltage drop is measured across P1 and P2. 
0151. In many applications in geophysics, the electrodes 
may be considered as ideal points, since the electrode dimen 
sions are significantly Smaller than the electrode spacing 
within the array, and both the electrode dimensions and elec 
trode spacing are significantly Smaller than the size of the 
earth. In such a case, the 
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is transformed into the apparent resistivity p by means of a 
geometric factor, k, 

Oa F - -, 

where 

( 1 1 1 1 - - - - - -- 
C.P. C2P CP2 C2P2 

0152 The equations above demonstrate that when it is 
appropriate to model the electrical resistivity array as points, 
Such as in geophysics applications, the geometric factors 
depend on electrode spacing. 
0153. However, in practice, electrodes cannot be consid 
ered simply points, as there has to be some dimension asso 
ciated with the electrode and its area has to be suitably large 
to inject current into the body. For measuring in a subjects 
body, the electrodes cannot be spaced far enough apart as to 
consider the electrodes as points. For example, in some varia 
tions described herein, the sensor is a combined electrical 
resistivity array having 31 rectangular electrodes, each elec 
trode is approximately 2 inches long and 0.15 inches wide and 
spaced as close as approximately 0.36 inches, to as far as 
approximately 10 inches. In this case, due to the size of each 
electrode relative to the spacing between electrodes, it is 
inaccurate to model the electrodes as ideal points. Instead, 
each rectangular electrode may be approximated by an ellip 
soidal electrode, as this electrode shape can be produced by a 
simple line-charge, and thus, produce a compact mathemati 
cal expression that models the Voltage drop across an electri 
cal resistivity array having electrodes with finite area. 
0154 For example, the potential at some distancer away 
from a point-source may decay as 

1 1 

0155 where x, y and Z are the canonical coordinates in 
Euclidian three-space, and hence, a line charge of length 2e 
will produce Voltage 

0156 This line-charge model produces a constant voltage 
source on the surface of an ellipsoidal electrode with focite 
and whose semi-minor axes are equal (A. Sommerfeld, “Vor 
lesungentiber Theoretische Physik. Band III: Elektrody 
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namik. Akademische Verlagsgesellschaft Geest and Portig, 
Leipzig, 4th Ed., pp. 48-49. (1967)). The analogous voltage 
potential is given by 

3+e + v v2 + y2 + (2 + e)? (p(x, y, z) = Eln - = 
:-e + v v2 + y2 + (: - e)? 

O157 where 

d2 
= . 2 - - , i. 8 4 

is the length and d the diameter of the electrode (J. Igel, “On 
the Small-Scale Variability of Electrical Soil Properties and 
Its Influence on Geophysical Measurements.” Ph.D. Thesis, 
Frankfurt University, Germany (2007)). Because the elec 
trode has geometry, the Voltage contribution has to be inte 
grated along the length 1 of the potential electrode, 

d O 3+e + v r + (2 + e)? d 
: - n--a 3. 

4te J, :-e + V r + (g-e)? 

0158. The geometrical factor associated with an electrical 
resistivity array can likewise be calculated by Summing the 
contribution from the four electrodes, 
where 

Keiince = 47ted: 
ellipse O Inf(rcip1) - Inlf (rcip2) - 

Inf(rc2p1) - Inf(rc2p2) 

f(r) 3+ e+ W r2 + (z+ e)? 
i) : - . 

z-e + V r2 + (3-e)? 

0159. To confirm that the ellipsoidal model better 
describes the Voltage measurements taken using physical 
electrodes, a tank with a bottom area of 23.75x11.75 in was 
filled to a height of 8.5 inches with saline (resistivity 5.44 
S2m), and a stainless Steel version of the sensor was placed on 
its waterline. One hundred and five distinct drive pairs were 
used to inject current into the tank and this resulted in thou 
sands of unique electrical resistivity arrays, each reporting 
back a single apparent resistivity. A Small Subset of these 
electrical resistivity arrays, those that are of the Wenner 
Schlumberger type and those electrodes that are close to each 
other, are shown in FIGS. 1C and 1D. The first plot (FIG. 1C) 
compares the voltage drop across P1 and P2 (AV) as mea 
Sured by the instrumentation using rectangular electrodes 
(solid line) and the voltage drop predicted by the point-elec 
trode model (dotted line). As is evident from FIG. 1C, when 
the electrodes are close to each other, the point-electrode 
model fails to correctly predict the voltage drop across P1-P2. 
0160 The second ellipsoidal electrode model achieves 
good agreement with experimental values, as can be seen in 
FIG. 1D. In this case, even electrodes located next to each 
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other (i.e., C1=2, C2–6, P1=3 and P2=5), which were mis 
matched by over 130% using a point-electrode model, match 
with an error of less than 1% using this line-electrode model 
when compared to measured data. This good agreement with 
experimental data implies that the line-electrode model cor 
rectly captures the size of the Voltage drop, and hence, can be 
used to specify electrical resistivity arrays whose Voltage 
drop can be ascertained accurately to Some predefined Voltage 
threshold given by the accuracy of the measurement device. 
0161 In the systems, devices and methods described 
herein, because of the relative spacing of electrodes with 
respect to the size of the human torso, the human torso cannot 
be modeled as an infinite half sphere, as with geophysical 
models. The outer shape of the torso, given the approximate 
electrode spacing of the sensor, will Substantially influence 
the current lines and electric fields within the torso. Analytical 
models that translate tetrapolar apparent resistivity measure 
ments on a finite bounded model are often difficult to derive. 
However, the literature provides several analytical models for 
simple geometric shapes. A case in point would be the ana 
lytical model of a tetrapolar apparent resistivity measurement 
on a flat surface of a bar shaped semiconductor provided by 
Hansen (E. Hansen, “On the influence of shape and variations 
in conductivity of the sample on four-point measurements.” 
Applied Scientific Research, Section B. Vol. 8, No. 1, pg. 
93-104 (1960)), where the electrodes are modeled as points. 
Hansen’s analytical model is derived for a bar shaped semi 
conductor. Hansen derives his model from point electrodes; it 
does not take into account electrode geometry. However, 
when the distance between electrodes is sufficiently large, the 
Voltages of rectangular electrode converge to that of a point 
electrode. The extension of Hansen’s equation to a box model 
is shown below 

& & 3SY S 

F = 27ts? -- 167ts coshi- sinh() -- 
ch ah (1 + oo)(1 + do.)f3cosh(f3) 

=0 =0 

17XX (-1)" 'sinimita/a)cosh ( sinh.) 
ah (1 + don)ycosh(yl) 

n=1, =0 

where f3 = (2it fa)w m2 + (naf 2h) and 

0162 To mathematically model the forward problem of 
one of the electrical resistivity arrays, out of the thousands 
available from a sensor, it is possible to combine the transla 
tion constants of Summerfeld and Hansen in the following 
equation: 

FO 
AVcomplete a Pa 

kellipsoid 

(0163 To verify the correction factor F, the voltage across 
P1 and P1 was predicted for a Wenner-Alpha electrical resis 
tivity array from the sensor over three homogenous saline 
tank models. FIG. 1E illustrates a tank model. In this 
example, the stainless steel electrode dimensions are: 0.0508 
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mx0.00381 m; the tank dimensions are: L=0.301 m, a 0.298 
m; the electrode spacing is: s=0.085 m. 
(0164. As shown in the table of FIG. 1F, for a Wenner 
resistivity array; given a current, the resistivity of the Saline, 
the Hansen’s boundary correction coefficient, Summerfeld's 
line charge coefficient, and the voltage drop across P1-P2 can 
be predicted to some measurement error. For example, a 
reasonable error may be error of less than 5%. 
(0165. In the preceding calculations, F. k. k.m. and 
pare real numbers. However, while F. k.k. are real 
numbers, for capacitive biomaterials, p is a frequency depen 
dent complex number 

, , 1 (O-jo") 
p = O - O = = lor? where 

O = O' + jo', 

& Es-is' E (c. -ie)& 

with the following properties listed in the table below. 

0166 For rectangular electrodes on a sufficiently large 
box, the apparent resistivity is 

kellipsoid AVcomplete 
O. F F 

0.167 Because the resistivity is complex valued and fre 
quency dependent, the calculated spatial resistivity at two 
frequencies would yield a spatial resistivity for the low fre 
quency and for the high frequency: p.'" and p"". Note that 
in taking the relative percent difference (RPD which is a 
special case RSCSRAF) between p" and p"8", the 
boundary and geometrical factors cancel. Such that 

low high 
O O. 
- , RPD = 100 

Ox 

ylow high 
RPD = 10c Whigh flow 
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which can be simplified to 
and captures the change in resistivity of the Subsurface with 
out requiring geometrical information of the sensor or bound 
aries. 
0168 Thus, as described, a system may be built on the 
realization that the RSCSASRAF captures the change in 
resistivity of the Subsurface without requiring geometrical 
information of electrical resistivity array or boundaries, and 
to expand the concept to spatial resistivity, resistivity beneath 
the Subsurface of a sensor. 
0169. The systems described herein may use a combined 
electrical resistivity array, which may be referred to as a 
sensor, which serves as the Subject-applied portion of a medi 
cal device apparatus or system that determines the spatial 
relationship of the RSCSARAF in soft tissue beneath the 
Surface of the sensor. The sensor may contain tens of fixed 
spaced electrodes of which thousands of four point resistivity 
arrays can be configured. The medical device apparatus may 
determine the spatial relationship of the RSCSARAF in each 
cell of a mathematically determined, two or three-dimen 
sional, multi-cell, cross-sectional grid, extending horizon 
tally and vertically beneath the sensor. The grid may span a 
maximum horizontal distance equal to that of sensor and may 
be sized in the vertical dimension to a specified depth of 
investigation (DOI). The dimensional may be determined for 
each cell in the grid by driving current and measuring Voltage 
in a manner that is common in electrical resistivity array 
Surveys and using mathematical inversion methods to con 
struct a spatial image of the dimensional within the grid. The 
sensor and medical device apparatus have the capability of 
determining soft tissue hydration. 
0170 In general, the devices and systems described herein 
are used by first placing the sensor (e.g., an array of electrodes 
including electrodes arranged in a predetermined pattern) on 
a Subject. The placement location may be chosen to optimize 
the sensitivity and result of the system. Thereafter, the system 
may use the sensor to measure one or more electrical proper 
ties (e.g., Voltages, complex impedances, complex conduc 
tivities, etc.) from the subject. The system or device then 
typically determines the spatial relationship of resistivities 
(or a derived value) using the known arrangement of the 
electrodes in the array as well as the known applied currents 
and the sensed electrical properties at a plurality of the elec 
trodes in the sensor and solving inverse problems. In general, 
the subsurface spatial resistivities are solved for using this 
information. However, because the apparent resistivities are 
sensitive to a geometric factor (referred to herein ask, or the 
k factor) that depends on the boundary conditions and 
arrangement of the electrodes, the systems described herein 
are configured and adapted to minimize or eliminate the 
effects of the geometric k factor. In some variations, the 
system therefore calculates a relative percent difference 
between the spatial arrangements of resistivities determined 
at a low frequency and at a high frequency to eliminate the 
geometrick factor. As described in greater detail below, this 
calculation of relative percent differences may allow a nor 
malized percent difference that more accurately reflect 
changes in resistivity reflecting lung wetness. 
Sensor/Electrode Placement 

0171 In general, a sensor defined by an array of electrodes 
(e.g., a strip array of electrodes) may be placed on the Sub 
jects back in a particular arrangement allowing for detection 
of lung wetness. For example, FIG. 2A shows one example of 
a sensor (configured as a strip of electrodes) positioned on a 
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region of the subjects back (to the right or left side of the 
subject’s midline on their back, lateral to the spine). The 
sensor 201 (an array of electrodes) may be applied locally in 
just one region of the subjects back. In FIG. 2A, the elec 
trodes positioned in particular near the midline of the sub 
ject's back may be positioned immediately over the lung 
(either the right or left lung). This may beachieved by placing 
the top electrode in the sensor in line with the top of the 
subject’s scapula, while extending the rest of the electrodes in 
the active region of the sensor down the back (cranially to 
caudally) as shown. 
0172. In the examples provided herein, the electrodes are 
adapted for placement on Subjects thorax (e.g. posterior and 
anterior region of the body) for determining the distribution 
of resistivities immediately below the array of electrodes 
(e.g., the skin, muscle and lung tissue). The systems described 
herein may provide information to aid in determining the fluid 
content of a lung, which may be relatively deep within the 
body when compared with skin and muscle. In FIG. 2A, the 
sensors (array of electrodes) are positioned so that it may be 
possible to measure from the posterior region of the right 
lung. In this example the array of electrodes (an example of 
which is provided below) are positioned about 1 inch lateral 
of spine, as shown in FIG. 2A. This location may allow depths 
of investigation to reach the posterior region of the right lung. 
0173. In many of the variations of the sensor described 
herein, the electrodes are arranged on a strip, patch or other 
fixed arrangement that can be positioned on the skin of the 
subject. For example, the strip of the electrodes may be an 
adhesive strip that can be positioned to one side of the subject 
(e.g., one side of the Subject's back). This configuration may 
allow for sensing a depth beneath the array of electrodes, and 
therefore determining the arrangement of the resistivities 
beneath the electrodes. In this arrangement, as opposed to a 
strap or band of electrodes, the arrangement of electrodes 
may be fixed relative to each other, so that the geometries 
between electrodes is fixed and known. Such local electrode 
positioning may have numerous advantages. 
0.174 The arrangements, including the spacing, of the 
drive and sensing electrodes within an electrical resistivity 
array may be configured to allow sensing both at depth (e.g., 
deep within the tissue) and at more Superficial regions (imme 
diately beneath the electrodes). Part II (below) describes 
designing a sensor (a combined electrical resistivity array) for 
determining tissue wetness, as well as devices and methods 
for selecting which electrical resistivity arrays to be used. The 
measurements described herein may be made on a subject 
instructed to sit or lie in a particular posture. For example, 
when taking lung wetness measurements, the Subject may be 
instructed to lie on his or her belly, lying prone (on his or her 
back), or sit reclined at an angle (e.g., 45°) when taking the 
measurement. In some variations the Subject may be asked to 
assume the same position when taking measurements at dif 
ferent times. Typically, in heart failure the lungs get wet, and 
the weight of the fluid in the lungs may alter its distribution. 
For example, in the lungs, the weight of the fluid may partially 
compress or collapse the lower region of lung. Posturally, it 
may be desirable to have the subject lie Supine or nearly 
Supine; this may help make the lung wetness easier to mea 
Sure, particularly when placing electrodes on the Subjects 
back. 

0.175. In general, a sensor may contain a plurality of elec 
trodes, typically of both drive electrode and sensing electrode 
types. The drive and sensing electrodes may be identical, or 
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may have different geometries. In some variations, the same 
electrodes may be used to both drive and sense (at different 
times or simultaneously). In general, the electrodes may be 
electrically connected to the rest of the system via a wired or 
wireless connection (not shown in FIGS. 2A and 2C). 
0176 FIG. 2C illustrates one example of a system for 
measuring lung wetness. In this example, the system includes 
a disposable sensor that is connected to a reusable monitor 
ing/processing station. The monitoring/processing station 
includes a controller for regulating the application of drive 
current and coordinating sensing from the sensing electrodes 
and processing of the received signals. The system may also 
include one or more processors for determining a spatial 
representation of resistivities beneath the sensor of electrodes 
at different applied current frequencies. The same, or a dif 
ferent, processor may also determine a spatial mapping of 
relative spatial change in Subsurface resistivity across two or 
more frequencies (e.g., a high frequency and low frequency) 
and may then determine lung wetness based on the RSCS 
RAF. 

0177 FIG. 3A illustrates one variation of a strip array 
(sensor) that may be used. For example, in FIG. 3A the 
electrode array 305 includes drive electrodes 303 alternating 
with sensing electrodes 307. In this example a total of 31 
electrodes are included in the array, with the electrodes 
arranged down the length of the array. Each electrode in this 
example is rectangular in shape. The array in this example is 
configured as a sensor that includes a hydrogel that may be 
applied directly to a subject (e.g., the subjects back). In some 
variations the lateral edges of the electrodes extend to the 
edge (or almost to the edge) of the sensor. Thus, in some 
variations, as shown in FIG. 3A, the sensor includes a proxi 
mal 323 and distal 323" grip or holding region for grasping to 
apply the sensor. In some variations the patch or sensor array 
may include one or more indicators and/or graphics to aid in 
placement and/or orientation. For example, the patch or sen 
Sor may include a graphic that indicates the middle of the 
patch or sensor. 
0178. In one variation the patch is formed to include a 
plurality of electrodes attached to a polyester backing (in 
cluding a titanium powder for bacteria resistance). The patch 
may be formed of a medical grade dielectric material that is 
UV cured onto the bottom. The electrodes may be connected 
by insulated vias (e.g., connectors, not shown). In some varia 
tions, the arrangement of the electrodes of the patch is prede 
termined, and matched to the processor of the system. For 
example, the patch may have a “standard’ arrangement that is 
used by the system, or there may be a variety of patch elec 
trode configurations from which the system may select to 
match the arrangement of the actual patch to be used. Thus, 
the system or device may include information describing and 
corresponding to the arrangement/configuration of the elec 
trodes (including electrode numbers, sizes, etc.) in a particu 
lar type of patch, or the patch may itself provide this arrange 
ment/configuration to the rest of the system, so that it can be 
passed onto the processor and used by the system in deter 
mining the distribution of RSCSRAF as described below. For 
example, a sensor may include a chip or other identifier that 
confers this information to the rest of the system. 
0179 Another example of a patch design including a plu 

rality of drive and sensing electrodes is shown in FIG. 3B. In 
this example the patch shows four regions from which the 
leads 335 extend from the electrodes 339. The leads are 
typically insulated and configured to connect with the rest of 

Feb. 25, 2016 

the system. Although this example shows four bundles of 
leads extending laterally from the patch, in Some variations 
fewer or more bundles of leads (e.g., 1, 2, 3, etc.) may be used. 
The lead bundles may be fabricated as part of the fabrication 
processes (e.g., photolithographically, screen printing, etc.). 
0180. As mentioned above, to determine lung wetness, the 
sensor (e.g., patch) may be applied to the user's back in a 
position that is laterally offset from the spine (e.g., midline of 
the back) by approximately 1 inch, so that the lateral edge of 
the electrodes is 1 inch from the midline. The top electrode in 
the patch may be lined up with top of Scapula, so that the 
remaining electrodes run parallel down the back, transverse 
to the midline, as shown in FIGS. 2A and 2C. In these 
examples, the active region of the patch extends approxi 
mately 11 (e.g., 10.8) inches, so that the electrodes span this 
distance down the cranial-caudal axis of the back. The elec 
trode spacing is approximately 0.36 inches center to center in 
the example shown in FIG. 3B, and the electrodes are rectan 
gular, having a width of approximately 0.15 inches and an 
elongate length of approximately 2 inches. Although other 
geometries may be used, in general, these geometries are 
optimized for the patch because they allow a relatively large 
Surface area for the electrode, while making consistent and 
complete contact with the subject's back, which is often 
curved or irregularly shaped. Thus, it may be beneficial to 
have the active region of the patch be between about 8 and 12 
(e.g., 10) inches long and between about 1.5 and about 2.5 
(e.g., 2) inches wide. The lateral amount of Support backing 
on either side of the active region may be minimized as well. 
Minimizing the amount of lateral material may prevent the 
patch from buckling, wrinkling, or puckering as it is applied/ 
worn. The relatively narrow width of the patch may help it to 
conform to the contour of skin. Overall the patch is flexible, 
and in the examples shown in FIGS. 3A and 3B, has a thick 
ness of less than about 3 mils, which may also help it conform 
to the body contour. 
0181. In some variations, the sizes and shapes of the elec 
trodes may be selected to optimize the sensing ability of the 
system. For example, the area of each electrode in the sensor 
may be selected to allow sufficient current to be delivered so 
to increase the signal to noise ratio on measurements taken. 
The electrodes may belong and narrow to allow close spacing 
between the electrodes to provide sufficient resolution, while 
the length may be sufficiently large so that the current density 
can be sufficiently low. The width of the electrodes may be 
limited to allow detection of the tissue beneath the electrodes 
between the spine and the Scapula, so that the electrodes may 
be placed over this narrow region of the body that allows a 
“window' to detect the lungs. The spacing may also be impor 
tant to allow Sufficient depth of penetration/sensing into the 
subject’s body. The arrangement shown in FIG. 3A, for 
example, is configured to allow a depth of investigation of 
approximately 2 to 2.5 inches. The electrically conductive 
members (electrodes) do not contact each other, and are 
spaced adjacent, but Sufficiently far enough apart to prevent 
electrical coupling while allowing the electrodes to measure 
the Voltage seen by the current applied by the current-inject 
ing or driving electrodes. 
0182. In practice, the systems may be configured to view 
the lung, and thus may be placed as illustrated in FIG. 2A, by 
securing them to the Subject's back approximately 1 inch 
lateral of the spine, between the spine and Scapula. The linear 
electrode array is placed up/down relative the subject’s body 
(e.g., cranial to caudal, from head to feet) in parallel to the 
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spine. The strip of electrodes may be placed as high as pos 
sible (e.g., to the level of the armpit). The electrode strip may 
be used with, or may include a conductive gel (e.g. hydrogel) 
that helps make the electrical connection with the skin. The 
strip could be placed either on the left or right side of the 
spine. 
0183. As mentioned above, the structure of the array is 
predetermined. Thus, the patch controls the spacing between 
electrodes. In this example, the patch of electrodes is approxi 
mately 2 inches wide (e.g., 50 mm wide). The example of 
FIG. 3A shows alternating drive and sense electrodes. In this 
example, there are 31 electrodes; 16 of them are voltage 
sensing (listen) electrodes and 15 are current drive electrodes. 
0184. To test the concept of RSCSRAF to detect a biologi 
cal structure in the Subsurface of the patch, a potato was 
placed in three positions a saline tank (FIGS. 3D,3E, and 3F), 
with the background saline resistivity of 10 S2 meter. The 
potato was placed in three positions of the tank; left, center 
and right. The frequency response of the resistivity of the 
potato is shown in FIG. 3C. 
0185 FIGS. 3D, 3E, and 3F show a heat map of the RSC 
SRAF for each of the three positions of the potato sample 
(left, center and right), clearly showing that the system can 
image Saline as having a low percent difference in spatial 
resistivity between two frequencies and shows the ability to 
track movement of biological structures beneath the patch. 
0186. As a proof of principle, an experiment was per 
formed to determine if the system could detect saline beneath 
a biological structure separated by ribs. The biological tissue 
was mimicked using cut potatoes, the ribs were mimicked 
using a plastic grid. The thickness of the potatoes and grid was 
approximately 1 inch. The image in FIG. 3G shows a heat 
map of spatial relative percent difference in resistivity 
between two frequencies, clearly showing that saline, a Sub 
stance of low percent difference in resistivity can be detected 
beneath a biological structure which includes ribs. 
0187. In operation, when determining lung wetness, the 
array of electrodes is first placed on the Subjects torso, and 
the electrodes are connected to a processing unit. The system 
(e.g., a controller) selects two electrodes at a time as a current 
pair. A Small electrical current is then passed between each 
pair of electrodes. Voltages may be recorded by electrodes 
positioned between the drive pair; although it may be possible 
to use electrodes outside of the drive pair as well. In some 
variations, the current and Voltage data may be transferred to 
a secondary processing unit. Thus the system may include 
circuitry (e.g., a first processing unit) that is configured to 
condition and/or enhance the received Voltage. In some varia 
tions only a single processing unit is included, which may 
integrate the function of the electrode conditioning/driving 
and analysis of the current/voltage signals. 
0188 For example, FIG. 4 illustrates one variation of a 
system 400 including an array of electrodes 401. The array of 
electrodes may be part of a patch or fixed positioning system, 
as just described, including both drive and sensing electrodes. 
In this variation, the electrodes are connected to one or more 
first processors 403', 403",403" that includes active circuitry 
for conditioning and handing the current-injecting/detected 
signals. The first processors may connect to a controller and/ 
or processor 405. The controller may be integrated with addi 
tional processors, or it may be a separate element 407. 
0189 After the array of electrodes of known geometry 
(e.g., spacing, size and configuration of the electrodes, rela 
tive to each other) has been applied, the system may apply 
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currents from the drive electrodes and detect Voltages using 
the sensing electrodes between the drive electrodes. The 
applied and sensed Voltages and currents, along with the 
known spacing of the electrodes may then be used to solve for 
the distribution of resistivities within the tissue beneath the 
electrodes. 

0190. For example, using an array of electrodes such as 
that shown in FIG.3A Voltages may be sensed, as currents are 
applied, from various combinations of drive electrodes. In 
some variations, it may be beneficial (as described in detail 
below) to repeat the process for multiple driving current fre 
quencies. 
0191 As discussed above, the devices and systems 
described herein may be used to determine the spatial rela 
tionship of resistivities and properties of resistivities of sub 
surfaces below an electrode array when the electrode array is 
applied to a human body of unknown geometry, in Such a 
manner that is least affected by errors in geometry. The geom 
etry refers to the size and shape of the human body and the 
electrical internal boundaries such as the skeleton and other 
internal structures. In some variations, this invention may be 
applied to determine the likelihood of edema from skin layer 
to approximately 2" to 2.5" below the electrode array, where 
Such areas of interest such as the lung are found. 
0.192 In one example of the devices, systems and methods 
as described herein, an electrode array is applied to the body 
in a region of interest. The purpose of the electrode array is to 
provide an electro-mechanical connection to the body with 
predefined electrode spacing. As mentioned, the electrode 
array may be made up of a backing material with a printed 
array of electrodes, with printed metallic traces from the 
connector(s) to the electrodes, with a conductive hydrogel 
placed over the electrodes and a dielectric to protect and 
electrically insulate the printed traces. In one example, the 
backing material is made of polyester with titanium nitride; 
the electrode may be made of an Ag/AgCl pad measuring 
approximately 2"x0.150"; the electrode array spacing may 
be, for example, 0.36" with approximately 30 electrodes (e.g., 
31 electrodes) in each array. 
0193 The system may include hardware, firmware and/or 
Software including logic to do the following: drive current 
through any combination of electrodes (current drive logic); 
measure the complex drive current (current measure logic); 
and measure complex differential Voltages between any com 
binations of electrodes (voltage measure logic). As men 
tioned above, the system may also include logic (hardware, 
software, firmware, etc.) to determine the distribution of 
apparent resistivities and/or derived values (such as RSCS 
RAF values). 
0194 The systems described herein may determine (from 
the applied currents and measured Voltages) various data 
types, including particularly spatial estimates of resistivities 
within the volume of tissue beneath the array of electrodes, 
and/or relative percent differences between spatial resistivi 
ties at different (e.g., between a high and a low) frequencies. 

Resistivities 

0.195 The systems described herein may use either or both 
apparent resistivities or the logarithm of apparent resistivi 
ties. The apparent resistivities are given by the mathematical 
expression: 
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where k is a geometric factor that depends on the boundary 
conditions and arrangement of electrodes, AV is the differen 
tial Voltage of interest, and I is the current passing through a 
region of the body between any pair of current drive elec 
trodes. The system may provide multiple complex valued 
apparent resistivities for the multiple combinations of elec 
trode drive pairs. 

Relative Percent Difference (RPD) 
0196. Relative percent difference (which, is a type of 
RSCSRAF and is defined as the relative percent change in the 
magnitudes of spatial resistivities between two separate fre 
quencies. 

pe (CoL) - po(CoH) 
pe (CoH) 

RPD = 100: 

0197) 
cancels. 

Notice, by using the RPD, the geometric factor k 

Phase of Apparent Resistivities 
0198 The systems described herein may also measure AV 
and I in complex form so apparent resistivities can take the 
form: 

pk(real+imag). 

0199 The phase angle of apparent resistivity is given by: 

k(imag) 
8 = arctan k(real) 

0200 Again, when describing the phase angle of the 
apparent resistivity, the geometric factor k cancels. 

Sensor Configuration and Electrical Resistivity Array 
Selection 

0201 The combined electrical resistivity array (the sen 
sor), operates as a Subject-applied portion of the device or 
apparatus for determining the spatial relationship of the rela 
tive spatial change in Subsurface resistivity across frequen 
cies in soft tissue beneath the surface of the sensor, which can 
be a interpreted to indicate tissue wetness. As described 
above, a sensor typically includes many electrodes that may 
be used in various Subsets of drive electrodes and sensing 
electrodes to determine tissue wetness. In general, the more 
electrodes (m) in the sensor, the more combinations are 
possible. 
0202 In one example, the sensor may contain tens offixed 
spaced electrodes, of which thousands of four-point electrical 
resistivity arrays can be configured. An electrical resistivity 
array includes two drive electrodes and two sensing elec 
trodes. As described, the system or device typically deter 
mines the spatial relationship of the relative spatial change in 
resistivity in each cell of a mathematically determined, two 
dimensional, multi-cell, cross-sectional grid, extending hori 
Zontally and vertically beneath the sensor. The grid may be 
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sized to span a horizontal distance equal to that of sensor and 
may be sized in the vertical dimension to a specified depth of 
investigation (as defined by the combined electrical resistiv 
ity array). The relative spatial change in Subsurface resistivi 
ties across frequencies may be determined for each cell in the 
grid by driving current and measuring Voltage and using 
mathematical inversion methods to construct a spatial image 
of the relative percent differences in resistivity within the 
grid, as described above. 
0203. In an array of m electrodes thousands of four 
point electrical resistivity arrays are possible. Of the total 
possible number of electrical resistivity arrays, the system, 
devices and methods for determining tissue wetness typically 
uses a subset of said electrical resistivity arrays within the 
sensor. It is often desirable to include a very large number of 
possible electrodes (i.e., large m) to form the available 
pool of electrodes on the patch from which electrical resis 
tivity arrays of drive/sensing electrodes may be chosen. How 
ever, not all electrical resistivity arrays provide equivalently 
sensitive/accurate signals for determining tissue wetness. The 
quality and sensitivity of a tissue wetness determination may 
be improved or optimized by selecting only those electrical 
resistivity arrays of electrodes from the available combina 
tions in the sensor that would provide the most useful signals 
for determining tissue wetness. Described herein are systems, 
devices and methods for determining tissue wetness by 
selecting which Subset of electrical resistivity arrays to use 
from an array of electrodes. In some variations this may be 
achieved by rating, grading, and/or scoring an electrical resis 
tivity array and using only those that rate/grade/score suffi 
ciently well to indicate that they would provide high quality 
signal information. The rate/grade/score (which may be 
referred to as a score, for convenience) may be compared to a 
threshold (e.g., a quality threshold) or range of acceptable 
values. In some variations the score is multidimensional, and 
may include multiple values. For example, the score for a 
particular electrical resistivity arrays may include a value (or 
values) for signal error (e.g., error due to placement, Voltage 
error, current error, combined error, etc.), a value for depth of 
investigation (DOI), and a value for electrical resistivity array 
location. In some variations this score may be a combined 
(and/or weighted) value including one or more of these. As 
described in more detail below, the signal error for a particular 
electrical resistivity array may include more than one value 
(for placement error, Voltage error, current error), or a com 
bined (and/or weighted) single value. 
0204 A score within the desired threshold range (and/or 
above, or in some cases below a threshold) indicates that the 
electrical resistivity arrays should be selected. Conversely, a 
score could be compared to a rejection threshold/threshold 
range indicating that the electrical resistivity arrays should 
not be used. The devices and systems described may rate/ 
grade/score individual electrical resistivity arrays of elec 
trodes, and then use only those electrical resistivity arrays that 
score above a quality threshold for the tissue wetness deter 
mination. 

0205 As mentioned, an electrical resistivity array of elec 
trodes is a subset of the total pool of electrodes and typically 
includes a pair of drive electrodes and a pair of sensing 
electrodes. Any size and configuration of electrodes forming 
the electrical resistivity array may be chosen. For example, an 
electrical resistivity array may include a pair of sensing elec 
trodes between a pair of drive electrodes. More than two 
sensing and/or driving electrodes may be used. 
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0206 For example, a sensor for use in determining lung 
wetness may support a combination of many four point elec 
trical resistivity arrays of which many have a median depth of 
investigation necessary to reach the lung region in the human 
body when the sensor is applied either to the subjects back 
between the spine and Scapula or applied to the Subject's side 
along the mid-axillary line. 
0207. In operation, the system or device may grade all or a 
number of possible electrical resistivity arrays from the sen 
Sorand then choose which electrical resistivity array to use. In 
Some variations the Subset of electrical resistivity arrays are 
selected from the array after placing the sensor on the Subject. 
The electrical resistivity arrays may be selected before apply 
ing current/sensing Voltages for determining tissue wetness. 
In some variations the scores may be ranked so that the 
electrical resistivity arrays that are likely to provide the high 
est quality signal may be chosen. Alternatively, in Some varia 
tions the electrical resistivity arrays may be chosen on the fly, 
so that the score of an electrical resistivity array is determined 
just before using it; if it falls within the acceptable range (e.g., 
above/below the quality threshold) a measurement (or mea 
Surements) are taken before selecting the next electrical resis 
tivity array to examine. The score may be stored with the 
results from that electrical resistivity array, for later analysis 
or consideration. 
0208 Thus, in general, for any given sensor of array size 
m, out of all of the possible electrical resistivity arrays on 
the sensor, the systems and devices described herein may 
select electrical resistivity arrays based on their error, loca 
tion, and/or depth of investigation (DOI). Although in general 
all three of these criterion may be used (error, location, and 
DOI), in some variations only one or two these factors may be 
used for selection. 
0209. In general the sources of error can be attributed to 
the three right-hand terms in the equation below, i.e., k, AV 
and I. Each source of error has a threshold in which it cannot 
exceed if we were to select it. Each electrical resistivity array 
measures one apparent resistivity. For example, where AV is 
the voltage measured across P1 and P2, I is the current mea 
sured on C1 or C2 and k is the “geometric factor', a value that 
is derived by the electrode geometry, boundary of the body 
and spatial relationship between electrodes. As discussed 
above: 

AV O F --. 

0210 Errors may occur on the k, AV, and I. 
0211 For example, an error on k may occur by “mislay 
ing an electrode, since k is derived from the spacing of the 
four electrodes in relationship to each other. This means that 
although there are fixed distances between electrodes on the 
patch, the patch may be on a curved portion of the body (e.g., 
the back) or the subject’s skin may be slightly wrinkled, and 
therefore the spacing between electrodes may not be as 
expected when applied to the Subject. This may happen to 
Some extent on any Subject, so the systems, devices and 
methods may include a criteria to verify the k is fairly robust 
for Small changes in spacing of the electrodes within an 
electrical resistivity array. To find out which electrical resis 
tivity arrays have robust k, a "wiggle' test may be performed 
mathematically by varying the spacing of the four electrodes 
in relationship to each other by a one half electrode spacing in 
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the calculations. If the calculated kvalues fallina Small range 
of values, it is considered robust; otherwise this electrical 
resistivity array may be rejected as being unstable or prone to 
changes with movement. The relative robustness of the elec 
trical resistivity array may be provided with a numeric value 
that may be used in scoring the electrical resistivity array. 
0212. The range of k may be defined as 

| K 
An example of a wiggle test is provided below. 
0213 For any given electrical resistivity array, error may 
also be present in the Voltage measurement, for example a 
typical Voltage measurement may have a 1% to 4% error. 
Further, in some variations of the systems and devices 
described herein, a “noise floor for measuring Voltage is any 
voltage less than about 3 mV. Thus, electrical resistivity 
arrays may be chosen in which the predicted Voltage is above 
this floor (e.g., 3 mV). In an exemplary sensor there may be 
many (e.g., thousands of) electrical resistivity arrays and a 
non-negligible percentage of these may have a predicted Volt 
age less than 3 mV. In the equations below, we represent the 
error in Voltage as 

SU 

|| 

0214. An error may also be present in the current measure 
ment. The term for current error in the equation below is 

T. 

0215. The sign of the errors can be both positive and nega 
tive, so total allowable error is expressed as absolute value: 

0216 A threshold range may be provided based this error 
calculation. The threshold may be determined for each com 
ponent (e.g., each type of error may be limited to be less than 
a threshold value, e.g., 5% absolute value for each), or the 
total error may be used. For example, if the three sources of 
error total to greater than 15% the electrical resistivity arrays 
may be rejected. The error criterion applied to determine a 
rank, score or grade for a particular electrical resistivity array 
may include each of these three categories of error, or just one 
or two of them. As mentioned, a threshold or weighting of 
these sources of error may be applied to each electrical resis 
tivity array. 
0217. In addition to error, the location of an electrical 
resistivity array on the sensor and the median depth of inves 
tigation (DOI) may also be considered in determining if a 
particular electrical resistivity array may also be used. 
0218 Determination of the DOI is discussed and illus 
trated below, however, in general, electrical resistivity arrays 
in which the location and DOI are close to each other may be 
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excluded, as using adjacent electrical resistivity arrays can 
confound the solution of the inverse problem by providing too 
much similar information. Thus, it may be desirable to space 
the shallow and mid-level electrical resistivity arrays out, but 
include all deep electrical resistivity arrays which typically 
are not as close to each other. 
0219. In one example, 252 Wenner-Schlumberger (W-S) 
electrical resistivity array were examined, and are listed in 
table 2 (FIG.22), below. This table shows electrical resistivity 
arrays and lists (in the left column) the type of electrical 
resistivity array, as well as numbers indicating which of the 
electrodes correspond to C2, C2, P1 and P2. The right column 
indicates the calculated median depth of investigation (DOI). 
All of the electrical resistivity arrays in this table have a 
relative percent depth variance of less than 3% and a line 
charge K-factor that does not vary from the point-charge 
K-factor by more than 3%. 

Median Depth of Investigation (DOI) 
0220. An electrical resistivity array may be a configura 
tion of (typically) four electrodes used for measuring electric 
current and differential voltage. Common electrical resistiv 
ity arrays types include Wenner-Schlumberger, Dipole-Di 
pole and Gradient. Refer to FIG. 1B for illustrations of these 
types. Electrode electrical resistivity arrays have been used 
outside of the tissue wetness application described here to 
measure resistivity across both large and Small distances, for 
example, ground water reservoir Surveys in geophysics and 
wafer fabrication applications in semiconductor manufactur 
ing use electrical resistivity arrays such as those shown in 
FIG. 1B. In FIG. 1B, the current is driven between C1 and C2 
and voltage drop is measured across P1 and P2. 
0221. In some embodiments, a sensor contains between 28 
and 32 electrodes (m, is between 28 and 32) providing 
thousands of combinations of four point electrical resistivity 
arrays. Each electrical resistivity array has a sensitivity pat 
tern, where sensitivity in this context describes the degree to 
which a change in the resistivity in an area beneath the elec 
trical resistivity array will influence the voltage measured 
between the sensing electrodes (P1 and P2). The cumulative 
sensitivity of multiple electrical resistivity arrays within the 
sensor produces the cumulative spatial sensitivity to the Sub 
Surface. 
0222. When the sensor is used as a subject-applied portion 
of an apparatus or system to detect the degree of wetness of 
the tissue, the sensor may be designed to maximize the num 
ber of electrical resistivity arrays that have a median depth of 
investigation (DOI) capable of penetrating to the depth of the 
tissue to be examined for hydration, but still provide robust 
responses. For example, with lung wetness, the sensor may be 
configured to have a DOI of roughly two inches, while still 
constraining the sensor so that the DOI is stable to small 
changes in electrode spacing and the measured signals should 
have a significantly high signal to noise ratio (e.g., noise is 
less than 5% of signal). Thus, the sensor should be configured 
so that there are sufficient “shallow” (e.g., closely spaced) 
electrical resistivity arrays to provided good coverage of the 
tissue around the region of interest. 
0223) The DOI can be determined for a four-point electri 
cal resistivity array by first considering a single pole-pole 
array, as shown in FIG. 21. The change in potential, p, mea 
Sured on P1 caused by a change in resistivity, Öp, in a small 
volume below the surface located at (x,y,z) is determined by 
the following mathematical relationship (M. Loke and R. 
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Barker, "Least-Squares Deconvolution of Apparent Resistiv 
ity Psuedosections. Goephysics, 60, pg. 1682-1690, (1995)): 

0-2. If v, v'dt. 
0224 Making use of this single pole-pole array, for sim 
plicity, the potential, p, generated by the current source of 
magnitude, I, at C1 across a homogenous half-space is 

(i) = O 

and similarly by treating P1 as a current source at Some 
distance, a, its corresponding potential is 

O 

0225. Taking the gradient of cp and (p', the sensitivity func 
tion can be found explicitly in three dimensions as 

= IIf dxclydz. of 42 J J J . . . . .2322, 2,232''' 

0226. The term inside the integral is known as the Frechet 
derivative, 

and it defines the sensitivity for a pole-pole array (i.e., having 
a single drive electrode, C1, Some distance, a, from the lis 
tening electrode, P1). Both electrodes are located on the x-y 
plane, where C1 is at the origin and P1 is displaced along 
X-direction a distance, a, the depth into the Subsurface is given 
in terms of the Z-coordinate. 

0227. The Frechect derivative provides a measure of the 
sensitivity in three dimensions, however, to estimate the 
depth of investigation confined to the z-direction, F is 
integrated along the X and y directions. The resulting integral 
has a simple analytical form (A. Roy and A. Apparao, “Depth 
of Investigation in Direct Current Methods. Geophysics, 36, 
pg. 943–959, (1971)): 

Fintz) = - E - ID(3) = . (a2+4:2)32 

0228 Integrating the above equation from Zero to infinity 
gives the total sensitivity value of a pole-pole array along the 
Z-direction, 
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ie F 3. "TJo it (a +4:2)? 27tacIP 

0229. To obtain the sensitivity for a four-point (or tetra 
polar) electrical resistivity array, the contributions from the 
four electrodes can be written as the sum of four pole-pole 
arrayS, 

Sarray = 
+ca 2. 2. +co 2. 

dz - d:- 0 (ap + 43°) 0 (alp2 + 43°) 
ea 2. 2. ea 2. 2. 

32 d:t, 32 dz, O (app + 43°) O (a 2p2 + 43°) 

where a is the distance between electrodes C1 and P1. 
and likewise for ace2, ace and ac2p2. However, the extent 
of the total sensitivity is infinite, what is needed is to find a 
finite depth at which the electrical resistivity array can sense 
a change in conductivity, otherwise known as the electrical 
resistivity array's depth of investigation. 
0230. A robust measure of depth of investigation is pro 
vided by the value at which the electrical resistivity array 
attains its median sensitivity value, i.e., where half of the 
sensitivity lies above and below this depth (Edwards L. S., 
1977). It follows that the median depth of investigation, m, 
can be identified for any tetra-polar measurement by finding 
the upper limit, m, that satisfies the following equation: 

2 2. 
as dz - ? (ap + 43°) O 

and which simplifies to finding, m, for the following algebraic 
equation: 

Sarray 2 2. 
2 3.2 (ap2 + 4:?) 

dz - 

2 2. d in 2 2. d 

43/2 “", i.e. 43/2 “ (a 2p + 43) 0 (ap + 43°) 

1 1 1 1 
- - - - - - 

2a Cp2 2a C2P1 2a C2P2 
1 1 1 1 

-- 
2 2 2 2 w4m. Gip w4m. - Cap2 w4m - d.2p w4m - d.2p2 

0231. Once the depth of investigation is known for agen 
eral tetra-polar electrical resistivity array, the sensor can be 
designed as to maximize the number of electrical resistivity 
arrays that have a median depth of investigation capable of 
penetrating to some desired depth. 
0232 For example, consider a dipole-dipole array whose 
electrode coordinates are C1=16, C2=18, P1=19, P2=21, and 
hence, acle-3, ace 5, ac2p–1 and ac2p23. The depth of 
investigation as measured in electrode spaces is mas?).507, and 
to calculate a DOI in inches, the distance between the elec 
trodes (0.36") is multiplied by m resulting approximately 
0.18 inches. By carrying out the same procedure on a dipole 
dipole array with coordinates C1=2, C2-4, P1=29, P2=31, its 
DOI is 2.42 inches. 
0233. The median depth of investigation must be stable to 
Small changes in electrode spacing, in other words, the value 
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of m, should not change significantly when ace, a 2. 
ace and a 2-2 are perturbed by Some Small amount. This 
exploration of stability can be done by prescribing some 
distribution for each term, a with a predefine deviation 
(e.g., "/2 electrode spacing) and Solving for the resulting 
deviation, Am. Arrays that have Small deviations as compared 
to the value, m, are considered stable (e.g., Am/m35%). 
Those arrays that exceed the specified deviation tolerance are 
not used. 

0234. To test the robustness of the placement (a "wiggle' 
test of errorink), consider a depth of investigation calculated 
above for the two dipole-dipole arrays, where mis(0.507 for 
the first and masó.736 for the second. For the sake of sim 
plicity, we suppose the current drive electrodes remain sta 
tionary, but both listening electrode move together by +/2 
electrode spacing (i.e., C1=16, C2=18, P1=19+/2, P2–21+/2 
for the first and likewise for the second). The resulting change 
in the DOI are Ams0.305, 0.677 and Ams6.611, 6.862. 
and hence, their relative change are Am/ms 73% and Am/ 
ms4%. This result shows that the first dipole-dipole array's 
DOI is susceptible to a half-electrode deviation. 
0235. In this particular example the electrodes are close 
together in the first dipole-dipole array so a half-electrode 
deviation is larger as compared to the same deviation of a 
second dipole-dipole array. However, the size of the deviation 
is not necessarily proportional to the electrode spacing. For 
example, consider the following array, C1=2, C2=12, P1 =7. 
P2=25, which has an ims6.435 and its deviation is Ams0. 
733, 3.177). Note that while this array's DOI is similar in 
depth to the second stable dipole-dipole array and its elec 
trodes are not close together, there is a nearly nine fold 
increase between Smallest and largest depth of investigation 
measure. This example shows the important of verifying the 
robustness of the DOI measure to small changes in the elec 
trode position likely to be experienced in the field. 
0236. In the previous example, electrical resistivity arrays 
were selected based on their depth of investigation and its 
robustness to Small changes in electrode position. However, 
as the depth of investigation increases, the Voltage drop mea 
sured between P1 and P2 becomes smaller, so it may be 
necessary to Verify that the resulting Voltage drop can be 
measured accurately before selecting that electrical resistiv 
ity array. Therefore, a signal to noise level threshold may be 
included or used in addition. The SNR threshold may also be 
used as a selection criterion to identify these electrical resis 
tivity arrays that will or will not be used. This SNR threshold 
may be established by considering two mathematical models 
for the size of the voltage drop across P1 and P2. The first 
model is based on point current sources, the second on a 
line-charge model and both Suppose the current is injected 
into a homogeneous half-space. The Voltage value. (p. Some 
distance, r, away from a point source with magnitude, I, 
decays as 

in a homogenous half-space with resistivity, p (Igel 2007, pg. 
33-34). For the tetra-polar array, the voltage at P1 has the 
contribution for both the current sink at C1 some distance 
re, and the current source at C2 some distance re. By 
Superposition and I-I, the Voltage at P1 is 
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- CIP. C2P - P( dpi = i + j = A. r) 

0237. A similarly expression provides the voltage (p at 
P2 Some distance r and r from C1 and C2, respec 
tively. The voltage drop across P1 and P2 is given by 

Adpip2 = bp - bp2 = A. 1 1 - + -l plp2 F (PP1 P2 = 27t CP C2P CP2 C2P2 

0238. This expression captures the size of the signal, 
Ap, given a tetra-polar point-electrode arrangement (i.e., 
C1, C2, P1, P2) and the product of the resistivity, p, of the 
homogenous medium and current, I. Moreover, note the con 
nection between total sensitivity, 

1 1 1 1 
27tac2p2 

0239 and the Voltage drop, Acba, where replays the 
role of ace. This implies that once the median depth of 
investigation is known, which uses the total sensitivity, the 
signal size is given by the product of the current, resistivity 
and total sensitivity (the reciprocal of total sensitivity is also 
known as the geometrical factor). 
0240. Using the same two dipole-dipole arrays (i.e., 
C1=16, C2=18, P1=19, P2–21 and C1=2, C2=4, P1=29, 
P2–31) and Supposing the tetra-polar resistivity measurement 
was made using point-electrodes, the size of the Voltage drops 
a 

42O 
19575eft 

4| If a 0.928 V and 157t a 0.7 mV 

(i.e., Supposing a 10 mA current, 10 S2m resistivity and 
0.0091 m electrode spacing). Thus, the voltage drop is 
approximately 1300 times smaller for the second dipole 
dipole array, and a threshold must be used to guarantee the 
Voltage signal is large enough to be accurately measured by 
the system. However, before establishing that threshold, the 
point-electrode model resulting in AI will be expanded 
to an ellipsoidal electrode, as to predict the effects of the 
electrode's geometry on electrical resistivity arrays that are 
relatively close to each other. 
0241. As discussed above, electrodes cannot actually be 
points, as there has to be some dimension associated with the 
electrode and its area has to be suitably large to inject current 
into the body. Recall that FIG.1C, discussed above, compares 
the voltage drop across P1 and P2 (AV) as measured by the 
instrumentation using rectangular electrodes (Solid line) and 
the voltage drop predicted by the point-electrode model (dot 
ted line). As is evident from FIG. 1C, when the electrodes are 
close to each other, the point-electrode model fails to cor 
rectly predict the voltage drop across P1-P2. The second 
ellipsoidal model was examined above in reference to FIG. 
1D, showing that the second ellipsoidal electrode model 
achieves good agreement with experimental values. 
0242 For example, Suppose that a measurement devise is 
capable of resolving 2 mV and a dipole-dipole arrays with an 
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increasing gap between a fixed drive and listening electrode 
distances are used (refer to table 3). When the electrodes are 
very close (i.e., C1=2, C2–4, P1=5 and P2–7) the voltage 
drop is relatively a large 322 mV (assuming a 10 mA current, 
10 S2m resistivity and 0.0091 m electrode spacing), but when 
the listening electrodes are beyond electrode 23, the resulting 
Voltage drop is too small to be measured accurately with a 2 
mV resolution device, as illustrated in table 3: 

TABLE 3 

C1 C2 P1 P2 AV 

2 4 5 7 322.2 
2 4 7 9 86.3 
2 4 9 11 35.2 
2 4 11 13 17.5 
2 4 13 15 9.8 
2 4 15 17 6.1 
2 4 17 19 4.0 
2 4 19 21 2.8 
2 4 21 23 2.0 
2 4 23 25 1.5 
2 4 25 27 1.1 
2 4 27 29 O.9 
2 4 29 31 0.7 

0243) Note that if we compare the size of the voltage drop 
of the line charge to that of the point electrode, the voltage size 
returned by both models agree when the spacing between the 
drive and listening electrode is sufficiently large. Recall that 
the point model returned a Voltage drop of 0.7 mV (for C1–2, 
C2=4, P1=29, P31=7), which is equivalent to the line-charge 
model. However, when the electrodes are close to each other, 
the point electrode over estimates the voltage drop by nearly 
a factor of three (recall the point model returns 928 mV when 
C1=16, C2=18, P1=19, P2=21, which is a translated version 
of C1=2, C2=4, P1=5, P2–7). 

Electrical Resistivity Array Selection 
0244. There are various methods by which to select elec 

trical resistivity arrays, for example in the previous three 
sections, the depth of investigation, m, its relative deviation, 
Am/m, and its associated Voltage size, AV, have been used to 
select arrays. Using a 31 electrode sensor in which the even 
electrodes drive current and the odd electrodes measure the 
Voltage drop, there are 

16 15 ( x( = 12,600 2 2 

possible combinations. Eliminating those combinations 
where both listening electrode are outside the drive elec 
trodes, and ignoring the Gamma type arrays results in 5,460 
arrays. Supposing the Voltage drop should be larger than 5 
mV and the relative deviation in the depth of investigation, 
Am/m, less than 20%, there are some 2,500 arrays available 
(refer to FIG. 23). 
0245 However, in some variations, it might also be of 
interest to leave the Gamma type arrays in the selection set 
and instead threshold based on the relative deviation between 
the point Voltage drop and its line-charge counterpart, and 
limiting the DOI deviation to less than 3%. In this case 777 
arrays are selected and are explicitly listed in the table (table 
2) in FIGS. 22A-J. The selection criteria can also be electrical 
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resistivity array type dependent and chosen to return a uni 
form coverage across the domain by taking into account the 
electrical resistivity array's DOIs and listening electrode 
locations. Therefore once the DOI, its deviation and associ 
ated Voltage drop is known, electrical resistivity arrays can be 
selected appropriately. 

Exemplary Method of Discarding Electrical Resistivity 
Arrays Using Sensitivity and System Noise 
0246 The median depth of investigation (DOI) may serve 
as a measure of the amount of sensitivity a particular tetra 
polar electrical resistivity array has to resolve a change in the 
subsurface resistivity at some depth. This may be calculated 
by assuming that the resistivity array sits on a Surface of 
infinite extent and calculating the change in the field lines as 
generated by the drive and listening electrode pairs as if they 
were both driving current into the subsurface. The change in 
the field lines, as measured by the Frechet derivative, changes 
in three dimensions. To restrict this measure as to account for 
only the depth component of the sensitivity of a tetra-polar 
array, the Frechet derivative may be integrated across the 
Surface plane, thus only the component that changes with 
depth remains. This depth of investigation (DOI) associates a 
sensitivity number to each tetra-polar array, which can be 
used to rank electrical resistivity arrays in terms of sensitivity. 
A “good' sensor may be considered one that has sufficient 
resistivity arrays with different sensitivities as to map the 
Subsurface. 
0247 The accuracy of the associated sensitivities used to 
rank drive pairs may be examined and/or confirmed. For 
example a first method to Verity the sensitivity ranking 
involves examining the depth of investigation to confirm that 
it is robust (e.g., doesn’t change much) for Small misplace 
ments of electrodes, which could be due to the sensor wrin 
kling or bending. This may be accomplished by comparing 
the change in the depth of investigation due to electrode 
misalignment, with the size of this sensitivity measure (akin 
to a signal to noise ratio). If the change in depth over the depth 
value is larger than some predefined tolerance for a resistivity 
array, then that array is may be ranked low, and/or rejected for 
use in reconstructing the Subsurface, as it was deemed 
unstable. A second ranking confirmation may be derived 
when the Voltage sensing electrode pair is far from the current 
driving pair, as this makes the signal Susceptible to electronic 
noise. This may be determined by making repeated measure 
ments to find a noise floor of the measurement for the system 
and using this noise floor as a threshold for the Smallest 
Voltage measurement allowed to be considered when calcu 
lating an array's apparent resistivity. By method such as 
these, the arrays may be ranked; one or more of these methods 
may be applied. This ranking may be include multiple param 
eters (e.g., thresholds) and one or more of these parameters 
may be as a threshold for accepting or rejecting the array in 
the measurement. For example, arrays that report Voltages 
below the noise floor, and/or arrays having a depth of inves 
tigation that changes significantly (e.g., more than X, where X 
is 2%. 5%, 10%, 15%, 20%, etc.) with electrode misplace 
ment may be deemed unstable and eliminated. 
0248 Thus, given a noise floor, n, an electrical resistibility 
array may be deemed stable if its Voltage measurement is 
greater than this noise floor (e.g., AVn); alternatively or 
additionally, the array may be deemed stable if its depth of 
investigation, m, deviates by less than Some threshold amount 
(e.g., Am/m35%), where Am is the change of depth as a 
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function of electrode misplacement (as an example, approxi 
mately /2 electrode width in each direction). The remaining 
resistivity arrays may be considered stable and can be ranked 
by their depth of investigation and used in the inversion soft 
ware to find the Subsurface measure of interest, as discussed 
above. 
0249. One variation of a method or system for determining 
which arrays to use from a sensor having a plurality of tet 
rapolar arrays is illustrated in FIG. 24. For example, in some 
variations, a system may be configured to first apply a noise 
level and classify arrays as above or below (or at) this noise 
level. For example, a system may first find the system's noise 
level using repeated homogenous tank measurements, as dis 
cussed herein 2401. Based on this noise level, the system may 
eliminate resistivity arrays whose associated Voltage mea 
surement is below this noise level 2403. Additionally 2404 or 
alternatively 2405 the system may calculate median depth of 
investigation for the arrays (or just for the remaining arrays 
after applying the noise level cutoff) using the location of the 
current drives and voltage sensing electrodes 2407. 
0250. The system may then calculate, by assuming a dis 
placed location of the electrodes (randomly, by no more than 
/2 electrode spacing in each direction), each array's depth of 
investigation at the random displacements 2409. The system 
can then calculate the deviation of each array across all its 
random displacements and normalize this deviation by the 
array's depth of investigation reported before the deviation 
2411. Any array whose deviation over depth measure exceeds 
some tolerance (e.g., 5%) may then be eliminated 2413. In 
Some variations, the remaining arrays may then be sorted in 
terms of their depth of investigation 2415. Finally, the remain 
ing arrays may be used to resolve the subsurface 2427 as 
described herein. 
0251 Any of the systems described herein may be imple 
mented in a computer having a processor. For example, a 
system may include a processor configured to rank and/or 
eliminate the tetrapolar arrays. 
0252. In general, the sensor material and dimensions may 
be designed so that each electrode in the combined array (i.e. 
sensor) makes reliable mechanical and electrical contact to 
the subject’s skin, where the skin curvature varies between 
Subjects and varies with Subject's position and movement. 
0253) Throughout the production of many prototypes and 
human Subject testing, the inventors have discovered that a 
narrow and thin patch (sensor) makes the most reliable 
mechanical and electrical contact to a human Subject over a 
range of subject motion. A thin and narrow patch was found to 
be less susceptible to buckling, and hence, provided better 
electrical contact. Excessive bucking in the patch can cause 
significant reduction in the spacing between the electrodes, 
thus changing the depth of investigation. A thin and narrow 
patch was also found to be more conformal to the curvature of 
the Subject; reducing the stress, strain, tension on the hydro 
gel and reducing electrical impedance variability. An impor 
tant finding in the development of the patch was that with the 
proper selection of hydrogel adhesive, the weight of the patch 
and it associated wire harness can be sustained on the Sub 
ject’s skin without the need of any additional adhesive. 
0254 AS mentioned above, the Support backing may com 
prise any appropriate material, including a polyester material 
and an anti-bacterial titanium oxide material (e.g., coating, 
etc.). Further, in Some variations the patch is conformable to 
the contour of a Subject's back and has a thickness of less than 
about 5 mils. 
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0255. The patch length may be designed to satisfy the 
electrical resistivity array objectives with a constraint that the 
center of the patch, which has the deepest median depth of 
investigation, and typically should align to the region of inter 
est. In embodiments where the lung is the region of interest, 
the center of the patch may be aligned with the lung, with the 
cranial edge of the patch extending to below the shoulder and 
the caudal edge of the patch extending to above the waist. 
0256 The surface dimensions of the electrodes are 
designed to source adequate current into the body between 
any two electrodes on the patch from a differential constant 
Voltage source or differential constant current source. 
Adequate current may be considered the current necessary to 
achieve the desired signal to noise ratio in both current and 
Voltage measurements, as measured in apparatus, for the 
expected conductivity of the human body. Thus, exemplary 
electrode dimension may be 0.15 inches by 2.00 inches. 
0257 The patch may be configured to be easily handled by 
the operator and positioned on the Subject. A graphic layer 
could be printed on the patch to visually aid the operator to the 
proper orientation of the patch. Visual marking may include 
“towards head', “towards foot', 'center', as mentioned 
above. Hydrogel may be sandwiched between the electrodes 
and a plastic release liner. The release liner would protect the 
hydrogel in storage and would easily be peeled away to 
expose the Subject side of the hydrogel prior to application in 
the clinic. Tabs may be placed on the patch to handle and 
position the patch without interfering with the exposed 
hydrogel. All patch materials including the hydrogel may be 
biocompatible. 
0258 As used herein in the specification and claims, 
including as used in the examples and unless otherwise 
expressly specified, all numbers may be read as if prefaced by 
the word “about' or “approximately, even if the term does 
not expressly appear. The phrase “about' or “approximately 
may be used when describing magnitude and/or position to 
indicate that the value and/or position described is within a 
reasonable expected range of values and/or positions. For 
example, a numeric value may have a value that is +/-0.1% of 
the stated value (or range of values), +/- 1% of the stated value 
(or range of values), +/-2% of the stated value (or range of 
values), +/-5% of the stated value (or range of values), 
+/-10% of the stated value (or range of values), etc. Any 
numerical range recited herein is intended to include all Sub 
ranges Subsumed therein. 
0259 Although various examples and illustrations are 
provided herein, these examples are not intended to be, nor 
are they, limiting. Other variations, including variations in the 
types, shapes and sizes of electrical resistivity arrays and 
individual electrodes, as well as the systems described herein, 
are contemplated. Further, although the majority of the 
examples discussed above describe the use of these devices, 
systems and methods to determine lung wetness, many of 
these devices, systems and methods may be used or adapted 
for use to determine the wetness of other body regions, not 
limited to lung. Thus, these methods, devices and systems 
may be used to treat disorders other than those associated with 
lung wetness (such as congestive heart failure). For example, 
the methods, devices and systems may be used or adapted for 
use to detect and monitor lymphedema, for use during hip 
replacement, or for monitoring, detecting or helping treat 
compartment syndrome. The claims that follow may set forth 
the scope of the invention described herein. 
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Forward and Inverse Problems. 

0260 FIG. 5 illustrates one method to determine a distri 
bution of resistivities of a subsurface below a sensor, when the 
sensor is applied to a human body of unknown geometry. In 
FIG. 5, the processor, after receiving the applied currents and 
sensed Voltages (complex) from the sensor of a predeter 
mined configuration first calculates the apparent resistivities 
for each electrical resistivity array. The subsurface resistivi 
ties may be determined for each frequency of interest using a 
mathematical model of the sub-surfaces 505 (e.g., solving the 
forward problem). 
0261) A finite-difference or finite-element method may be 
used to model the subsurface and tie the spatial relationships 
of the resistivities and properties of resistivities of the sub 
Surface to the measured apparent resistivities and properties 
of apparent resistivities from the measured values from the 
system. A quantitative approximation of depth may be 
derived for the model using the Frechet derivative or sensi 
tivity function and is used to adjust the size of the blocks 
within the model. The “median depth of investigation’ (DOI) 
may be used as a robust approximation to depth. The median 
depth of investigation is the depth in which from the sensi 
tivity function, the depth above the DOI, has the same influ 
ence on the measured potential as the depths below the DOI. 
0262. Once the forward problem has been initially 
“solved, 507,509 it may be optimized in conjunction with 
the inverse problem 511. In some variations, the methods and 
systems described herein run two optimization problems 
jointly, either consecutively or sequentially, to determine the 
spatial relationships of resistivities and properties of resistivi 
ties of the subsurface below a sensor on a human with 
unknown geometry. In this optimization problem, the initial 
model (forward problem result) is modified in a smoothness 
constrained iterative manner 513 so that the difference 
between the model response (forward problem) and the 
observed data values (measured values from the system) is 
reduced to within acceptable limits. 
0263. This inverse problem is described in terms of an 
example as applied to one variation of the systems and meth 
ods described. For example, the inverse problem may infer 
the makeup of the body given a sample of Voltage measures 
on the body's Surface for a given current injection location. 
Because the set of data given to the inverse problem is far 
more limited, calculating the Subsurface electrical properties 
from a few Surface measurements cannot be calculated 
directly by plugging them into an equation. Thus, a set of 
'guesses of the body's internal properties may be made and 
using the forward problem; each of their resultant Voltages 
may be compared to the Voltage measurements taken on the 
Subject's body (an optimization process selects how to 
change the guesses). The forward model whose resultant 
Voltages most closely resemble the measured Voltage is 
selected as the most likely representation of the subjects 
internal properties. 
0264. In the first optimization, multiple apparent resistiv 
ity measurements taken with the sensor at one frequency 
serve as the observed or measured data. Reference geometry 
may be used to determine the geometric factors to calculate 
each apparent resistivity measurement. The reference geom 
etry may be a rectangular Volume approximation of the 
human thorax. The geometric factors can be empirically 
determined by using our system to measure each (AV)/I for 
each apparent resistivity position in the array when the sensor 
is placed just below the waterline of a saline tank with known 
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resistivity and Volume proportions similar to that of a human 
torso. Each geometric factor is determined by the following 
equation: 

8 psaline 
T AV 

0265. The first optimization runs a set of forward prob 
lems, using a smoothness constraint to determine the spatial 
resistivities in the model such that the error in the model 
response to the measured values is minimized to within 
acceptable limits. This provides a spatial resistivity map at 
one frequency; however, an error has been introduced by the 
mismatch of the human geometry to that of the saline tank, 
which will be corrected by the methods described below. 
0266 The first optimization problem runs jointly (or sepa 
rately) with a second optimization problem to seek a solution 
to the second optimization model in terms of the RPD or 
phase. Thus, in some variations the relative percent difference 
may be optimized within the process described in block 501 
of FIG. 5. One or both may prove useful. There are two 
choices in setting up the second optimization problem; either 
to determine the spatial change in resistivities between two 
frequencies beneath the sensor or to determine the relation 
ship of the phase of resistivities beneath the sensor. Either 
choice reduces the influence of the human geometry by the 
canceling out effect of the geometric factors. 
0267 In some variations, two images are produced, which 
may be depicted as “heat maps' showing relative intensity 
values. The first heat map image may be produced by the first 
optimization problem and shows the spatial resistivity map 
ping at a single frequency interms of reference geometry. The 
mismatch between the reference geometry and the human 
geometry propagates an error in the Solution. Yet, this image 
may contain some useful information because the reference 
geometry is of the general scale as a human. An example of 
this may be seen in FIGS. 6A and 7A, described below. The 
second image is produced by the Solution from the second 
optimization problem. The second optimization problem is 
mathematically linked to the first optimization problem and 
therefore in Some variations, may not be run on its own. The 
two optimization problems can be run jointly or sequentially. 
Examples of the second image are shown in FIGS. 6B and 7B. 
0268. The value in the second image lies in that the heat 
map produced is the RPD of the resistivities of the subsurface 
which has less influence from human geometry. In one appli 
cation, e.g., the detection of lung wetness, we expectedemato 
present in the second image as either lower RPD values or as 
lower phase angles in the regions of interest; whichever 
method for the second optimization is chosen. It may be that 
two second images should be generated, one of the RPD type 
and one of the phase type. These two images together may 
provide more information about the subsurface. 
0269. Thus, for example, in one embodiment, when driv 
ing from 15 drive electrodes at each of four frequencies, a 
total of 252 times 4 (or 1008) measurements may be recorded 
and processed as indicated above. The measurements may be 
Sorted by pseudo depth resulting in a triangular shaped profile 
Sorted by spacing of the regions. Solving for the homogenous 
case, when all of the regions and Sub-regions have approxi 
mately the same apparent resistivity (e.g., in a saline test 
bath), the k factors for this arrangement can be easily calcu 
lated. This is illustrated in FIGS. 6A and 6B, which shows a 
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tank of saline to which the sensor has been placed in contact. 
For example, FIG. 6A shows an image representing the 
inverse model resistivities through a reconstructed pseudo 
section from the tank filled with saline. The image in FIG.6A 
is a resistivity image generated at 50 kHz. In a perfect system 
the image would be completely uniform (e.g., having a resis 
tivity of 10 Ohm meters); in the experimental result shown in 
FIG. 6A, the values vary from approximately 9.77 to 10.31. 
0270 FIG. 6B shows a heat map of the same pseudo 
section region of FIG. 6A, showing a RPD image of the 
frequency response between 50 kHz and 200 kHz. As above, 
in an ideal system the values would be all Zeroes; as shown, 
the values vary between 1.22 and 10.50 with the majority of 
the region being approximately 1.22. 
0271 As a proof of principle of the method illustrated 
above, when an object, including biological material, is posi 
tioned beneath the sensor, the system may provide the distri 
bution of resistivities. For example, the saline tank setup used 
for FIGS. 6A and 6B may be used as a proof of principle by 
adding various materials into the tank. FIGS. 7A and 7B 
illustrate one variation in which the sensor is used to deter 
mine the arrangement of resistivities of a test material (ayam) 
added to the saline tank. In this example, a yam has been 
added to the upper right side of the tank beneath the sensor, as 
can be seen in the images of FIGS. 7A and 7B. Similar to 
FIGS. 6A and 6B, the upper image (FIG. 7A) is a resistivity 
image from data taken at 50 kHz. The yam can clearly be 
identified in the upper right quadrant. The lower image (FIG. 
7B) shows the RPD, the change in resistivity as a function of 
frequency between 50 kHz and 200 kHz. The saline has a low 
value of approximately 1.79 or less in the image. The yam 
value is in the 40's. 
0272 For example, taking multiple frequencies may allow 
the determination of high-contrast differences in resistivities. 
Experimentally data such as that shown in FIGS. 6A-7B 
illustrate that the system may be able to interpret differences 
between electrically conductive and insulative regions with 
high contrast. This is also illustrated in FIG. 8A-9B. 
0273. In determine the spacing of the electrodes for the 
array, which may affect the sensitivity of the resulting heat 
map, the spacing may be based on the sensitivity function 
(e.g., the Frechet derivative). The system may also change the 
cell (voxel) size and/or shape. In the figures illustrated here, 
the size/shape is assumed to be square; however other sizes 
and shapes may be used. 
0274 FIG. 8A illustrates apparent resistivities. In this 
example, the test object is a glass beaker. The data is gener 
ated and used to solve the forward and inverse problem to 
generate a spatial map of resistivities as illustrated in FIG. 8C. 
0275. The same set-up may be used to image through a 
tissue similar to the tissue found in the Subject’s body (e.g., 
skin, muscle, bone) in order to image lung tissue. FIGS. 9A 
and 9B illustrate another example of computed spatial resis 
tivity. The test object is the same beaker used in FIGS. 8A-8C, 
but also includes a second (organic) test material near the 
electrode surface. In this example, the second test material is 
muscle and bone (ribs) corresponding to (uncooked) pork 
tissue. As shown in FIG. 9C, the system was able to distin 
guish the flask (insulative material) beneath the layer of 
muscle and bone, based on resistivity of the different regions. 
When RPD is used to examine the bath, the beaker is not 
visible in the image as it has no frequency response. 
0276. The system may be adapted to apply a multi-fre 
quency current (e.g., from a drive electrode) to a subjects 
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skin and to sense Voltage (from a sensing electrode) on the 
Subject’s skin at a plurality of frequencies. For example, the 
system can receive a multi-frequency current signal from a 
DAC, as described below, and, when the relay circuit is 
closed, apply a multi-frequency current to a Subject's skin 
through the sensor. A current signal may be applied simulta 
neously to the subjectata plurality of different frequencies, or 
at only one frequency at a time (sequentially). When a relay 
circuit is open, the electrode interface can sense or measure 
Voltage across the Subject’s skin at a plurality of frequencies. 
Simultaneously sensing Voltage at multiple frequencies can 
be achieved by including a plurality of correlators in the 
system, where each correlator corresponds to a different fre 
quency of measurement. Each correlator can act as a narrow 
band filter that allows the system to extract a complex voltage 
at a particular frequency of measurement. For example, one 
embodiment includes 20 correlators in the system corre 
sponding to 20 different frequencies of measurement. Each 
correlator in the system can provide, as an output, a complex 
Voltage having an in-phase component and a quadrature com 
ponent for a particular frequency of measurement. It can be 
appreciated that the correlators can be implemented in a num 
ber of ways, as known in the art. In practice, a system may 
include only one correlator, or more than one. 
0277. In some variations the sensor may include active 
circuitry components that eliminate or reduce capacitance on 
the electrode interface. For example, when a multi-frequency 
current is applied to the electrode surface, an input capaci 
tance can result at the electrode surface. To neutralize this 
capacitance, a capacitance neutralization circuit can be 
implemented. The capacitance neutralization circuit can feed 
the input capacitance back into an input of the electrode 
interface to effectively eliminate the input capacitance from 
the interface. The operation of a relay circuit, as described 
above, can also add a capacitance to the electrode interface. 
The capacitive effect of the relay circuit can be neutralized by 
adding an electrostatic shield around the relay circuit and 
driving the electrostatic shield when the relay circuit is 
closed. 

0278 Thus, in some variations the sensor may include 
active circuitry to enhance collection and processing of data. 
In other variations the processing of collected and/or applied 
signals may be done by the controller upstream from the 
sensor. By placing the active circuitry near to the electrode 
Surface, the system can apply a multi-frequency signal to a 
Subject, sense Voltage on the Subject, process the Voltage to 
extract a complex Voltage at each of the measured frequen 
cies, and output the signals for further processing and analy 
sis. It should be appreciated that the application of current, 
sensing of voltage, and data processing may all be done by the 
active circuitry on the sensor. Placing the active circuitry near 
the electrode Surface may also reduce the capacitance at the 
electrode Surface and minimizing the amount of any addi 
tional noise added to the applied and measured signals. Thus, 
the system of the present invention may eliminate excess 
capacitance and noise allows accurate measurement of the 
biological parameters of a Subject, instead of measuring the 
effects of the electrode interface itself and noise. 

0279 Water, as opposed to most biological materials such 
as tissue, can be modeled electrically as nearly purely resis 
tive, and has a relatively flat frequency response, as shown in 
the top of FIG. 10. By comparison, biological tissue has a 
dynamic frequency response, and may be modeled as an RC 
circuit, as shown in the bottom of FIG. 10. In FIG. 10, it is 
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generally true that as frequency increases from low (e.g., 
<100 Hz) to high (e.g., <100 Hz), the frequency response of 
biological tissue increases, while the frequency response of 
water remains constant. Thus, it may be expected that when 
looking at lung wetness, the more that the frequency response 
of the sampled region behaves like water (e.g., has a relatively 
flatter frequency response) the more wetter that the region 
may be. Although this is a very simplified model, the use of 
the relative percent difference may take advantage of this 
simple relationship by comparing the apparent resistivities at 
low frequency versus high frequency. Wetter tissues may be 
expected to have a flatter frequency response, which may be 
seen by examining the relative percent differences between 
apparent resistivities at low versus high test frequencies. 
0280. In the examples described herein, the range of low 
frequency applied is approximately 80 kHz or less (e.g., 50 
kHz or less, 30 kHz or less, than 20 kHz or less, 10 kHz or less, 
etc.). For example, 20 kHz is used in the examples shown in 
FIGS. 16A and 16B, described below. The high frequency 
range is typically about 100 kHz or greater (e.g., 200 kHz or 
more, etc.). 
0281 FIG. 11 illustrates an example of an electrical resis 
tivity array positioned over tissue to examine apparent resis 
tivities indicating different tissue regions. In FIG. 11, the 
Surface of the body includes an array of electrodes arranged 
so that the current is driven between outer electrodes and 
Voltage is measured across pairs of inner electrodes. The 
current path between the drive electrodes changes from the 
solid line current path to the dashed line current path when 
resistivity is lower in deeper regions of the body. Similarly, 
the orthogonal equipotential lines between pairs of sensing 
electrodes separate further (larger delta-V) when the resistiv 
ity is lower in the deeper regions. Thus, changes in resistivity 
in the region beneath the tissue at various depths may be 
detected as changes in the Voltage measured at various sens 
ing pairs. On this basis, given a known array configuration, 
known applied current and measured Voltages, the system 
may be optimized to solve for the resistivities in various 
depths beneath the electrodes. The depth that can be detected 
may depend on the arrangement of the electrodes on the 
surface, as illustrated in FIG. 12. 
0282 For the systems and methods to determine lung wet 
ness as described herein, it is particularly of interest that the 
applied current and detected Voltage allows sensing at Suffi 
cient depth to reach the lung. Thus, the application of the 
electrodes in the appropriate position is important, as is the 
manner in which the drive currents and sense Voltages are 
applied and received. For example, in FIG. 12, an exemplary 
device having 31 electrodes (drive electrodes alternating with 
sensing electrodes) is used to illustrate the depth sensitivity 
that can be achieved depending on the arrangement of the 
drive and sensing pairs. The combination of both shallow and 
deep measurements may therefore allow a reconstruction of 
the distribution of the spatial arrangement of resistivities. In 
the examples provided herein, Voltage is measured between 
drive electrodes, and the combinations of drive and sensing 
electrodes may be varied to achieve Some spatial arrangement 
shown in the figures (e.g., FIGS. 16A and 16B). For ease in 
the examples, the Voltages are sensed from the odd numbered 
electrodes (e.g., FIG. 12) while current is driven from the 
even electrodes. For example, in FIG.16, 252 electrical resis 
tivity arrays where used. Although we describe the use of 
driving electrodes and driving currents herein, it should be 
apparent that the applied current may also be measured. For 
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example, the current may be measured across a region in-line 
with the electrode (e.g., through the electrode). The complex 
current may be measured. 
0283 FIG. 13 shows another example of the construction 
of a distribution of resistivities based on a multitude of elec 
trical resistivity arrays. As mentioned above, when internal 
resistivities are known, it is possible to solve for the surface 
Voltage; the inverse relationship may also be used (as here), to 
Solve for internal resistivities given Surface Voltages. Thus, a 
heat map representing the distribution of the resistivities may 
be generated by optimizing to fit the sensed Voltages given the 
drive current and the known geometry of the array 1309. In 
general, Solving for the internal resistivities from Surface 
Voltages may be performed by solving a combination of for 
ward and inverse problems. The relationship between sensed 
Voltage, applied current and internal resistivities may be 
expressed as a Poisson equation. Although the geometry 
beneath the tissue Surface is initially unknown, the measured 
Voltage and known currents at different frequencies may be 
used to optimize within acceptable error tolerances to deter 
mine the resistivity of the sub-surfaces. This inverse problem 
may be iteratively solved and the results fed back into the 
forward problem to minimize the misfit error between the 
measured and computed resistivity values on the Surface. 
0284 FIG. 14 illustrates one method of determining a 
distribution of relative percent differences in order to deter 
mine lung wetness. For example, in FIG. 14, the distribution 
of resistivities at a first (e.g., lowest) frequency is performed 
in step 1. In step 2, the distribution of resistivities at a second 
(e.g., highest) frequency is performed for the same Volume. 
Finally, at step 3, the relative percent differences are calcu 
lated between the two frequencies (using the information of 
step 2 and step 3). 
0285 An example of this method performed as a proof of 
principle is shown in FIG. 15. In this example, a saline tank 
1501 holding a submerged biological tissue (yam 1505) is 
used with an array of electrodes near the top of the tank to 
confirm that the change in resistivity between the water and 
the biological tissue can be visualized. The distribution 
shown in the bottom of FIG. 15 illustrates the relative percent 
differences between a high (200 kHz) and low (20 kHz) kHz 
frequency for the yam in saline. The image is pseudo-colored, 
and shows that the boundary of the yam and water is readily 
distinguished, and as predicted, the biological tissue (yam) 
has a much larger relative percent difference than the water 
(which, as discussed above, is virtually flat). 
0286 FIGS. 16A and 16B illustrate one example of the 
application of the methods and systems described herein for 
detection of lung wetness. FIG. 16A shows a distribution of 
the relative percent differences of the resistivities between a 
high frequency and low frequency for a healthy (“dry” lung) 
subject. For comparison, FIG. 16B shows the distribution of 
relative percent differences of the resistivities between a high 
frequency and a low frequency for a wet (edematous) Subject. 
The images may be analyzed to illustrate how to identify lung 
Wetness. 

0287. A variety of tests may be used to interpret the dis 
tribution of resistivities, and particularly the distribution of 
relative percent differences of resistivities, to indicate or track 
lung wetness in a subject. For example, in some variations a 
series oftests or analyses of the distribution of relative percent 
differences may be performed in order to determine if a lung 
is wet or dry. 
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0288 For example, in one variation, the change in relative 
percent differences in the distribution with increasing depth 
into the tissue (e.g., from the outer skin Surface, through the 
muscle and into the lung) may be examined to determine lung 
wetness. In this test of analysis, if the change in relative 
percent difference is increasing (e.g., if the slope of the lung 
wetness is positive) as the depth increases towards the lung, it 
is likely that the subject is dry (e.g., has a “dry” lung). This is 
illustrated in FIGS. 18A and 18B. In FIG. 18A, a central 
region of the distribution (shown by the central rectangle 
1805 showing a 4x15 box) is examined. For each layer 
(roughly corresponding to depths of penetration into the tis 
Sue) an average value (the average of the four shown for that 
layer) of the relative percent differences is taken, and this 
average is plotted 1809 as shown in FIG. 18B. The resulting 
graph has a positive slope. 
0289 Another test that may be applied is shown in FIG. 
19, in which an overall average value is extracted from the 
distribution of relative percent differences. In this example, 
an average of the central region (e.g., the boxed region shown 
in FIG. 18A) is taken and compared to a threshold value. If the 
average is above the threshold value, it is likely that the lung 
is dry; if the value is below the threshold value, the lung may 
be wet (although additional tests may be applied). In FIG. 19. 
average percent changes in resistivities between a high and 
low frequency taken from the central region of the distribu 
tion were plotted for both healthy (dry) subjects and edema 
tous (wet) subjects. In the example shown in FIG. 19, the wet 
subjects all fell below a threshold of under 16, whereas all of 
the healthy (dry) Subjects that had non-positive (e.g., nega 
tive, flat) slopes (for the change in relative percent difference 
from the central region) fell above this threshold. It should be 
appreciated that the threshold shown here is merely exem 
plary. The appropriate threshold value may vary depending 
on various factors, such as the manner in which the average 
value is determined, the configuration of the array, the high 
and low frequencies used to generate the RPD, and the like, 
the general principle of a threshold value remains. The actual 
numeric value of the threshold may therefore be empirically 
determined using similar parameters across a variety of dry 
and wet subjects. In some variations, the threshold value is not 
a strict cut-off, but may include a range of values; if the 
average (or in some variations the sum) value of the RPD is 
within this range; the lung may be wet or may be indetermi 
nate. 

0290. As mentioned above, a combination of different 
tests may be used to determine lung wetness. For example, in 
Some variations an individual test alone is not conclusive, but 
different tests may be performed sequentially or in parallel to 
provide a higher degree of confidence of lung wetness. For 
example, FIGS. 17A and 17B illustrate variation of methods 
for testing to determine lung wetness using the individual 
tests described above. For example, in FIG. 17A, a distribu 
tion of relative percent differences between high and low 
frequencies may be serially examined to determine lung wet 
ness. In this example, the first test performed is the compari 
son of the average RPD from the center of the distribution 
(including the “deepest” region). If the average RPD value is 
above the threshold (e.g., >about 16), then the subjects lung 
is considered “dry; if the average RPD value is below the 
threshold (e.g., <about 16), then the second test (looking at 
the slope as illustrated in FIGS. 18A and 18B) is performed. 
The order of these tests may be switched in some variations, 
as shown in FIG. 17B. 
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0291 Any of the methods and systems described herein 
may also be used to examine the clinical progression of lung 
wetness, including monitoring of treatments for lung wetness 
(e.g., diuretic treatments, etc.). An example of this is illus 
trated in FIG. 20. In this example, four subjects having lung 
wetness were monitored over treatment. Lung wetness by 
assessed by the techniques described herein (including the 
generation of a distribution of RPD), and was configured by 
classical diagnostic methods, including listening (ausculta 
tion) for rales or characteristic “crackling sound linked to 
excessive fluid in the airways. All four subjects initially had 
average RPD's from the central region of the distribution that 
were below the threshold, indicating lung wetness. During the 
course of treatment, as shown in the “follow up' column on 
the right side of FIG. 20, this average value increased in all 
subjects, however, all of these subjects remained below the 
threshold. Interestingly, these subjects also showed an 
improvement in their lung wetness and in some cases no 
longer displayed some of the more classical characteristics of 
lung wetness such as rales during respiration. Although these 
Subjects showed some improvements, other measures of 
overall lung wetness (such as Swollen ankles, etc.) remained. 
This may indicate the relative sensitivity of the present sys 
tems and methods, particularly in tracking the treatment of 
lung wetness, compared to more traditional methods. 
0292. As used herein in the specification and claims, 
including as used in the examples and unless otherwise 
expressly specified, all numbers may be read as if prefaced by 
the word “about or “approximately, even if the term does 
not expressly appear. The phrase “about' or “approximately 
may be used when describing magnitude and/or position to 
indicate that the value and/or position described is within a 
reasonable expected range of values and/or positions. For 
example, a numeric value may have a value that is +/-0.1% of 
the stated value (or range of values), +/- 1% of the stated value 
(or range of values), +/-2% of the stated value (or range of 
values), +/-5% of the stated value (or range of values), 
+/-10% of the stated value (or range of values), etc. Any 
numerical range recited herein is intended to include all Sub 
ranges Subsumed therein. 
0293. It should be understood that features and sub-com 
binations of the inventions described herein may have utility 
alone or in combinations not explicitly described herein. Fur 
ther the inventions described herein may be employed with 
out reference to other features and subcombinations. Many 
possible embodiments may be made without departing from 
the scope, and it is to be understood that all of the subject 
matter herein set forth or shown in the accompanying draw 
ings is to be interpreted as illustrative, and not limiting. 

1.-12. (canceled) 
13. A method of non-invasively determining lung wetness, 

the method comprising: 
determining subsurface resistivities measured at different 

frequencies for an active region of a Subject's back; 
analyzing the Subsurface resistivities for at least part of the 

region to determine an indicator of lung wetness; and, 
providing an output of the indicator allowing a determina 

tion of lung wetness to be made. 
14. The method of claim 13, further comprising analyzing 

subsurface resistivities by determining relative spatial 
changes in resistivies measured at different frequencies for 
each of a plurality of spatial locations. 
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15. The method of claim 14, wherein changes in resistivies 
for a spatial location are calculated using at least one of 

OH 

OL 

100: Pl, 
OL 

100: P. Pll, or 
OL 

100(pL - pH) | pH 

where: p is a resistivity measured at a low frequency 
pL is a resistivity measured at a high frequency 

16. The method of claim 14, wherein changes in resistivies 
for a spatial location are based on: 

differences in resistivities measured at different frequen 
cies; and, 

relative percentage differences in resistivities measured at 
different frequencies. 

17. The method of claim 14, wherein at least some of the 
different spatial locations are at different depths. 

18. The method of claim 13, further comprising determin 
ing the indicator using differences in resistivies measured at 
different frequencies for different depths. 

19. The method of claim 13, further comprising determin 
ing a slope of relative spatial changes in Subsurface resistivi 
ties measured at different frequencies extending from a more 
Superficial region of the Subject’s body to a deeper region of 
the subject’s body. 

20. The method of claim 19, further comprising determin 
ing the indicator at least in part depending on whether when 
the slope is at least one of 

above a predetermined value: 
above a threshold; 
positive. 
21. The method of claim 13, further comprising: 
determining an average of differences in Subsurface resis 

tivities measured at different frequencies from a central 
Subsurface region; and, 

determining the indicator at least in part using the average. 
22. The method of claim 21, further comprising: 
comparing the average to the threshold value; and, 
determining the indicator at least in part based on results of 

the comparison. 
23. The method of claim 13, further comprising: 
determining a slope of relative spatial changes in Subsur 

face resistivities measured at different frequencies 
extending from a more Superficial region of the Subjects 
body to a deeper region of the subjects body; 

determining an average of differences in Subsurface resis 
tivities measured at different frequencies from a central 
Subsurface region; and, 

determining the indicator based on whether the slope is 
positive and the average is above a threshold. 

24. The method of claim 13, the indicator comprising a 
map indicating differences of resistivities measured at differ 
ent frequencies for different depths within the active region. 

25. The method of claim 13, further comprising measuring 
the Subsurface resistivities using a sensor comprising a plu 
rality of spaced apart electrodes. 
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26. The method of claim 25, further comprising placing the 
sensor on the Subject's back so that the active region at least 
one of: 

extends cranially to caudally along the Subjects back, lat 
eral to the Subject's spine; and, is between the Scapula 
and spine. 

27. The method of claim 26, further comprising arranging 
the sensor in a proximal to distal active region on the Subjects 
back so that the proximal to distal axis of the sensor extends 
cranially to caudally along the Subjects back, and wherein 
the active region of the sensor is positioned lateral to the 
Subjects spine. 

28. The method of claim 26, further comprising: 
applying currents at a plurality of frequencies from the 

sensor on a region of a Subject's back; 
detecting Voltages in the active region using the sensor. 
29. The method of claim 26, further comprising: 
applying current to a first pair of the spaced apart elec 

trodes; and, 
detecting Voltages using a second pair of spaced apart 

electrodes. 
30. The method of claim 29, further comprising selecting a 

resistivity array including the first and second pairs of elec 
trodes to control a spatial location in which resistivities are 
measured. 

31. The method of claim 30, further comprising selecting a 
resistivity array by calculating a score based on a value for at 
least one of: 

signal error; 
depth of the spatial location; and, 
resistivity array location. 

k k k k k 


