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Abstract

An instrumented “intelligent syringe” for tissue properties prediction is
described. The syringe records pressure transients created while injecting or
withdrawing fluid from tissue at given flow rates. Dynamic data is interpreted
using computer-based porous media math models to predict permeability,
anisotropy, compressibility, background pressure and porosity. The new
method provides direct measurements of flow properties important to drug
delivery, clinical diagnosis, disease control, synthetic organ design and
research endeavors. The approach conveniently, rapidly and inexpensively
supplements conventional methods like X-ray, Catscan, MRI and ultrasound,
which offer qualitative results through gray scale images requiring physician
dependent and subjective analysis. The “iSyringe” supports portable target
monitoring on daily or weekly bases; it provides local quantitative information
useful in understanding global qualitative results obtained from traditional
methods. The theoretical foundations of the method are derived, validated
mathematically, and applied to published human and animal data, highlighting
potential clinical and research applications.

Keywords: Catscan, compressibility, medical imaging, MRI,
permeability, syringe, tissue properties, tumor growth, ultrasound, X-ray.
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from instrumentation and automated analysis, the predictive
process is transparent to the patient and requires minimal
supervision and operational expertise.

Methods for Pressure Interpretation
Theoretical Considerations

Blood and injectate tissue flows represent low Reynolds
number phenomena  satisfying  mathematical Darcy
formulations. Permeability measures the resistance a tissue
sample offers to fluid motion; the lower the permeability, the
higher the resistance, and vice-versa. Low values may impede
circulation while higher values may indicate swelling. Simple
one-dimensional lab tests are often used to determine
permeability for animal tissues using the formula “Q = Ak/pu
AP/L,” where Q is volume flow rate, A is flow area, k is
permeability, p is Newtonian viscosity, AP is pressure drop
and L is thickness. Despite the apparent simplicity, this
approach requires actual and inconvenient liquid transport
through tissue. This contrasts with indirect pressure transfer
associated with compressibility changes within the medium,
for example, sound waves propagating through solids or
coupled transport and diffusion in porous tissue.

Not only are “Q = Ak/u AP/L” procedures costly and time-
consuming — since they cannot be performed on live
specimens, they are not useful in diagnostic evaluation and are
relegated to post-mortem exams. We consider transient
pressure diffusion processes in porous media. In particular, we
formulate and solve “forward” and “inverse” problems for
Darcy flow in transversely isotropic porous tissue. A minimally
invasive alternative to the laboratory procedure described is
developed. Dynamic syringe pressure data collected during
withdrawal and injection contain significant tissue properties
information. These attributes, obtained by interrogating
measured “pressure versus time” curves using special
algorithms, may shed quantitative insights into local physical
anomalies. We first summarize exact analytical solutions to
“forward models,” and then present complementary “inverse
solutions” for tissue properties. Mathematical validations are
offered, and applications to human and swine data are given
demonstrating potential clinical uses.

Transient Isotropic Darcy Flow — Forward Solutions
for Liquids

If P(r,t) denotes Darcy pressure in an isotropic medium with
permeability k, porosity ¢, compressibility ¢ and Newtonian
viscosity p, the governing equation satisfies &*P(r,t)/ or* + 2/r
OP/or = (puc/k) oP/ot where r is the spherical radius and t is
time. We invoke the initial condition P(r,t = 0) = P,, the farfield
condition P(r = w0,t) = P, and the syringe constraint (47R,’k/pL)
OP(R,t)/or — VC OP/0t = Q(t). Here, Py describes tissue
pressure far from the needle contact, while r = R,, represents the
effective radius for a control surface surrounding that point. This
is not precisely known
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since needles may end abruptly or with beveled angles. A
multiplicative geometric correction factor G, suggesting “r =
GR,,” is introduced where G is determined empirically.
Here, we assume G = 1 for simplicity.

The differential equation describes mass conservation,
while the syringe constraint describes volume effects at the
contact. For example, (4nR’k/1t) OP(Ry,.t)/0r = Q(t) states that
the velocity (k/p) OP(Ry,t)/ér and surface area 4nR,” product
must equal the volume flow rate Q(t). In general, this is not
true since the needle connects to a syringe volume V
containing fluid with compressibility C. Here VC OP/ot
describes “‘cushioning effects” that model flowline fluid
expansion and decompression, which affect time scales
associated with syringe actions. VC can be adjusted to change
the time window available for data acquisition, e.g., decreased
to reduce times for steady-state pressures or increased to
lengthen times for more careful transient pressure collection.
The analytical, closed form, exact solution to our initial-
boundary value problem is solved as follows.

We introduce italicized dimensionless variables r = r/r*, t
=t/t*, p(r,t) = {P(r,t) — Po}/p* and Q(t) = Q, F(t), requiring r*
= VC/(4nR, 0c), t* = V*C'w/(16n°R,* kec) and p* =
VCQuw/(16m°R,,* koc). Here Q, is a positive or negative and a
dimensionless F(t) is given. For continuous constant flow
rates, F(t) is unity; for piecewise-constant multi-rate pumping,
F(t) is represented by a sequence of step functions. We take
Q(t) = Qo F(t) = Qg and F(t) = 1 for constant rates, with Qo> 0
for withdrawal and Q, < 0 for injection. The problem reduces
to a dimensionless form containing a sole parameter r, with
o*p(rty/ or* + 2/r dp/or = dplét, p(r,0) = 0, p(eo,t) = 0 and
op(ry,t)/ or — op/ot = F(t).

The dimensionless radius is r, = 4nR,, pc/(VC). Laplace
transforms are used to develop an exact solution p(r,t). If we
define complex constants B, and B, with B; =+ 1/2 — 1/2 (1
—4r/)and B, = + 12 +12 V(1 — 4 r,"), the exact
dimensionless source pressure for all time assuming F =1 is

Pexact (Fwt) = {1/( B1 — B2)} { 1" — P1" exp(B:’t)
erfe(BiVt) — B2 + B2 exp(B2’t) erfe(BaVt)} (la)

Exact solutions for r > r,, are also available. The function
Pexact (Nw,t) also appears in the transversely isotropic problem
addressed later. Here, “erfc” denotes the “complex
complementary error function” with complex arguments [1].
In dimensional variables, the physical pressure becomes P(r,t)
=Py + p*p(r,t) where p*, r and t are defined previously. This
can be simplified in certain limits. Taylor series expansions
lead to early—time solutions, while asymptotic expansions
yield later—time solutions, or

P(RW7t)earIy-time ~Py— QO t/(VC) (lb)
P(RWst)Iate-time ~ P0 - QO lvl/(475ka) + {QO lvl/
(4k) }V {pue/(nkt)} (Ic)
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The result for P(Ry,t) at “early to intermediate times” is
obtained using et~ 1 + 1t + 24!+ t'/51 + ... and erfc (z2)=1-
22 exp(-z) T 2"Z"/{(1)3) (2n+1)} with the
summation taken over (0,0). Expansions using rational
polynomial functionals are also possible [1]. The resulting
expressions, used for inverse analysis, enable straightforward
properties predictions.

These results apply to constant rates. In practice, it may
not be possible to control speeds accurately, resulting in
variable rates. Sometimes sequences of different rates are
used to perform multiple tests. Convolution integrals can be
used to obtain solutions. If a constant rate solution is
available, a variable rate solution is possible through
superposition. In the analytical model, we assume a constant
plunger speed with F = 1. For general F F(t), the
dimensionless pressure would be

Pexact (Fw.t) = {1/(B1 — B2)} >
t

[ F(r){ Boexp(B,’(t-1)) erfc p,V(t-1) —
0 Biexp(B2(t—1)) erfe pyV(t—1)} dt

(1d)

If F(t) consists of piece—wise constant rates, solutions are
expressible analytically. Continuous syringe withdrawals (or
“drawdown” with pressure decreasing) or injections (or
“buildup” with pressure increasing) satisfy single rate
solutions. When these are terminated after finite time,
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formulas are constructed by superposing pressure solutions
with reversed rate signs and corresponding time shifts. Such
solutions are used to study the drawdowns and buildups in
Figure 1.

Transient Transversely Isotropic Darcy Flow — Forward
Solutions for Liquids

We have considered isotropic media where “r” is the
spherical radius. The formulation implies spherically
symmetric pressures because preferred directions do not
appear. For transversely isotropic applications underlying
many tissue flows, the equations differ. Two permeabilities
are identical in a horizontal plane equal to ky,. A third value
describes a vertical permeability k, perpendicular to this
reference plane. The more general partial differential equation
and velocity flux models are

ky {0°P(x,y,z,t)/0x* + O*P(x,y,z,t)/dy*} +

ky O*P(x,y,z,t)/0Z" = (ppc) OP/ot (2a)
P(x,y,z,t=0) =P, (2b)
PO +y? +7°) = o0t) = Py (2¢)
[ qen dS - VC 6P/6t = Q(t) (2d)

Again ky, is the horizontal permeability in the x and y
directions, while k, is the vertical permeability along the z
coordinate. These local Cartesian axes refer to target volume
and not ground fixed coordinates. The k; and k, quantities in
Figure 2 define a dip angle § that vanishes when syringe and
vertical axes coincide.

Hydrostatic
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Time
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Figure 1. Transient pressure versus time curves at tissue contact. Black circles denote data acquisition points within drawdown or buildup

cycles shown (three needed per cycle).
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Figure 2. Local coordinates for transversely isotropic media, needle axis oriented at § inclination relative to vertical permeability axis.
Syringe body, plunger, control unit, infusion pump or auto-injector not shown. Continuous constant flow rate with and without stoppage

studied in this paper.

Equation 2a represents mass conservation in transversely
isotropic media. Syringe, needle and tissue interactions are
described by Equation 2d where a closed integral over a
control surface S surrounding the nozzle is shown. The
integrand qen denotes perpendicular components of the Darcy
velocity q acting on S. This leads to (4nR,,*k/p) OP(Ry,t)/ or
in isotropic formulations when spherical symmetry applies
and S is 4nR%. We now define dimensionless “starred”
quantities p*(r*,t*) = {P(x,y,zt) - Po}/Prer with r* = {x/k;, +
vk, + 2k} and t* = t/ter so that &*p*/or*? + 2/r*
op*/or* = puc/ter Op*/0t*. Recall the spherical surface
“x2 + y? + z* = R*” in the isotropic limit where R, is a
spherical well radius. Here we introduce an ellipsoidal
surface x7/ky, + y2/k}l +7% k} 12 = p* 2 with a dimensionless r*,,
= RW/(kh1/3kvl/6). It can be shown that fzq endS=- (4rcr*W2Pref
k,"Zky/t) (Bp*/dr¥)w so that 6°p*/0r*? + 2/r* p*/or* = uc/tes
dp*/ot, p*(r*,0) = 0, p*(r* — oo ,t*) = 0, and finally (4nr*,>
Prcf kvl/2 kh /H) (ap*/ar*)w - VCPrcf /trcf ap*/at* = QO F(t*)

We choose tr and P, to normalize the problem so it
contains a single parameter. This is obtained using a second
set of dimensionless italicized variables, taking p*(r*t*) =
p(r,t), r = ar* and t = t* where a is dimensionless. The
choices a = 4ndck, " ky, 1, /(VC), trer = pVC/(16m*ck, ky”
r*,%) and P e = pQoVC/(16m°dck, ky” r*,,*) reduce the problem
to &*p/or* + 2/r dp/or = dplét, p(r.t = 0) = 0, p(r — oo t) = 0,
op(ry, , tyor - op/ot = F(t), identical in form to the
dimensionless isotropic model. Thus, earlier results including
Pexact (1,t) apply. We now let Py (Rps,t) denote the dimensional
pressure at the “ellipsoidal radius” R, describing the needle
orifice. In transversely isotropic media, the prior isotropic “k”
is replaced by k,”*k,"”. Early and late time solutions follow
from

P(Repsat)early-time ~ P0 - QO t/(VC) (3 a)
P(Repsat)late-time ~ PO - QO ”/ (4an khZ/Skle) + {QO u/
(4rk)}V{(dne/(n kK, ) (3b)

As with isotropic problems, “early to intermediate time”
expressions can be developed using standard series
expansions; these will be discussed in inverse methods to
follow. In Darcy analyses, a “mobility” is defined by k/p in
isotropic flow, representing net resistive effects due to the
medium and the fluid. The Newtonian viscosity p is assumed
known from viscometer measurements. For transversely
isotropic media, horizontal, vertical and effective mobilities
are ky/p, k/p and k2 kM p. “Forward solutions” for
isotropic and transversely isotropic flows, since they follow
from identical Pexact (I,t) expressions, are combined in our
FT-00 algorithm utilizing the complete error function.

We emphasize that FT-00 is exact and free of artificial
viscosity and diffusion effects associated with numerical finite
difference or element solutions. We later use FT-00 to create
exact “synthetic data” corresponding to prescribed input
properties. To evaluate our approximate “inverse methods,”
arbitrary pairs of (time, pressure) points from synthetic
pressure versus time curves are selected. These are used in
inverse models to predict those tissue parameters assumed in
creating the synthetic data. Both transient and steady inverse
methods are summarized next.

Transient Transversely Isotropic Rate

Inverse Solution for Liquids

Single

Our exact pressure solutions can be used to derive
inverse methods for tissue properties. Consider the early
time solutions in Equations 1b or 3a. If discrete sets of early
data were used to evaluate P(Ry,t) and time t, and the results
plotted with pressure on the vertical axis and time on the
horizontal, the vertical intercept of the straight line gives the
background pressure Pj. The slope of the straight line
measured is — Qp /(VC). Since Qg and V are known, the
value of C follows. In blood sampling, C represents a blood
compressibility identical to c¢. For injection applications, C
would characterize the injectate or a volume average of
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it and any supplemental fluid in the flowline. This C also
considers tubing flexibility when injectors are used. While P,
is predicted as stated, it is error prone since initial tissue
contacts may be erratic. A more precise method for Py is
offered later.

Permeability prediction from “early to intermediate time”
data is possible using the full error function solution in P(r,t) =
Py + p*p(r,t) where p*, r and t are known. Here we assume
constant rate pressure drawdown (continuous decreases in
time) or buildup (increases) — these curves are simply reversed
vertically in pressure versus time plots. We had noted how
different series expansions for ' and erfc(z) are available using
exponentials and rational polynomials. In either case, the
leading approximations in dimensional variables take the form
P, (t) = Py + A H(Bt), where P,(t) is the unsteady needle orifice
pressure, H(B) is a known function of B depending on the
expansion used, and A = uQO/(4ankh2/3kv”3) and B =
47R Ky 2k, */(WVC) are positive.

For inverse applications, suppose that P, (t) is available at
three times, that is, Py 4 at t, Py at t, and Py 45 at t;, with #
emphasizing measured data. The unknown parameters to be
determined are Py, the effective mobility khmkvm/u and the
compressibility C. The latter two quantities are deducible from
A and B, whose values are numerically first obtained. Initially
we write our data relations as Pw,x1— Py = A H(Bt;), Pwa— Py =
A H(Bt;) and Pw,s— Py = A H(Bt3), where the left sides are
measured changes relative to background pressure. Next we
divide the first equation by the second, showing that
H(Bt))/H(Bty) = (Pw,# — Py)/( Pw,2— Py) where the right side is
known from empirical or synthetic data.

The above equation, independent of A and P, and
containing only the unknown B, represents a nonlinear
equation for B expressed in terms of H. Since H(Bt;)/H(Bt,)
is a monotonic function of B, trial B values can be determined
iteratively by incrementing from zero until the right-side
quantity is achieved. A half-step corrective procedure can be
used to accelerate convergence. Once B is known, the first
equation Pws1 — Py = A H(Bt;) can be used to determine A
since “Pw,#1— Py is known. With A and B available, the third
equation can be used to predict Py where t; information is
used. As noted, kh2/3kv”3/p and the compressibility C are
calculated from A and B. Thus, k,2°k, "/ i, C and Py are fully
determined. To obtain the tissue porosity ¢, we derive
Equation 3¢ from our late time formula; then, ¢ is obtained by
substituting the necessary parameters and any P(Ry,t)
measurement in software.

Module POROSITY

@ = {167 ke t/(Qo ’c) } {P(Repsit) — Po + (Qop)/
(4T[kacff)}2 (3 C)

The permeability method, requiring three time and
pressure data pairs, utilizes data from the first seconds of
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measured syringe transients. If the time from needle contact to
pressure equilibrium is fifteen seconds, data from 0, 7 and 15
sec would ensure linear independence of the equations used.
When steady conditions are so rapidly achieved that separated
data points are difficult to obtain, the time window At for data
acquisition must be widened. Analysis shows that At increases
with the product VC, and importantly, that predicted
permeabilities are independent of VC. A long liquid filled tube
(to increase V) separating syringe body from pump will
expand At. Alternatively, the syringe body can host
supplemental gas of high compressibility C, separated by a
movable flexible membrane from the injectate. This simple
modification enhances syringe portability. When VC altering
fixes are used, predicted compressibilities are no longer that
for the tissue, but predictions for kK, 1, ky/p, ky/pand Py
importantly remain unaffected. While we have described
inverse solutions for single rate applications, that is, for
pressures arising from continuous withdrawal or injection,
dual rate approaches can be similarly treated using an
analogous H function modified by superposition methods
previously described. Single and dual rate models are solved
by software Modules PTA-APP-01B and FT-PTA-DDBU.

Inverse Solutions for k, and k, from Steady
Pressure Drop Data for Liquids

The foregoing inverse method assumes transient
pressures available at the needle tip or at close locations
within the syringe housing. For such single-transducer
syringes, only the effective permeability k,°k,'” is
predictable. Here we consider dual-transducer designs where
pressure data from an additional sensor are available at an
external needle surface location in contact with the tissue.
We assume that the angle § between syringe and vertical
permeability axes is known, as is the distance L between
external and tip sensors (see Figure 2). If APy and AP
represent steady pressure drops measured at equilibrium, and
Qo and R, are constant rate and ellipsoidal radius,
asymptotic analysis shows that ky, k, and ky/k, satisfy

08?8 ki’ — Qo pX/(16m*APSL?) ky — Qp’’sin®d/
(64TT'R o AP) =0 (4a)
{Qu’ W sin’d/[647° Rey” (Po— P’} k72— {Qy"” " /[128
TC7/2 L2 I{cpsy2 (Pd - P0)2 (PO - Ps)3/2]} kv

+ {172 Q" cos™ 512" Ry, (Po— )]} =0 (4b)

{cos™ ¥ Q’ [64 70 Ry’ (Po— P’} (ki/k,) — {Qo’ 1 /[64r° L
Reps (Pa—Po)’ (Po— P} (k)"

—{Qu’ ' sin’8 /[647° Repy” (P —Po)’]} = 0 (40)
In drug delivery and artificial organ design applications,

ky and k, values may be individually required. They can be
obtained from cubic Equations 4a-4b. These do not contain
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compressibility effects since they disappear at large times.
To determine C or ¢, complementary single-sensor, early-
time transient inverse procedures are required. Software
Module FT-01 solves Equations 4a,b,c.

Syringe Hardware Modifications

Different single syringe designs are available as shown in
Figure 3. Essentially, a needle contacts tissue at 5, located
near internal pressure sensor 1. Measured pressures Pexact
(rw,t) are extremely close to those at 2 and 3, also immersed
in the syringe fluid. These contrast with external transducers
4A and 4B in direct tissue contact measuring Peyact (I > rw,
t). For designs with internal sensors only, transient inverse
methods will yield ¢ or C, ki 2’k ', Py and ¢. When an
additional external transducer is used, steady-state tests will
give ky, and k, individually, but not compressibility, pressure
and porosity.

In applications where pressures equilibrate so rapidly that
accurate multi-point (time, pressure) data acquisition is not
possible, time window widths can be amplified by increasing
the value of VC. This is accomplished by introducing a long
flexible liquid filled tube 18 between syringe fluid and auto-
injector or infusion pump. If portability is essential, one may
instead introduce a movable flexible membrane within the
syringe, separating the near fluid 8 and a compressible gas 12.
The use of non-toxic filtered room air drawn through a one-
way check valve provides a simple solution. Flush mounted
pressure transducers and embedded wiring are assumed,
whose electrical signals are digitized and processed in
computer control unit 10.

Single needle diagnosis may be limiting when properties
over a broader region are required. Multi-needle syringe
arrays can be used. The top left of Figure 4 shows easily
inserted parallel needles with adjustable depth. The right
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diagram shows multiple needles operating at different
inclinations and depths. Markings at syringe tops allow
needle source and observation positions within tissues to be
determined from direct calculation for use in forward and
inverse simulators. Sketch D shows how source points A and
B might define a “virtual needle” of known inclination. Note
that numerous combinations of pressure data taken from
multiple needles provide properties for detailed heterogeneity
and anisotropy mapping. Finally, the bottom left of Figure 4
shows an internal “red hook™ or biopsy sampler that removes
tissue samples upon syringe withdrawal. Such sampling can
be used together with pressure transient analysis.

Results for Several

Problems

Challenging Imaging

Subcutaneous Injection and Permeability in Humans

Needle-free injection methods using high speed fluid jets,
together with strong pressure interactions within “intelligent”
syringe housings, have been studied in recent years.
However, our use of “intelligent syringes” and general Darcy
pressure transient analyses for tissue properties is completely
new. Literature searches uncovered two pharmaceutical
investigations where transient profiles were measured,
providing important data to evaluate our ideas. Both focused
on pain threshold dependence on injectate volume, viscosity
and flow rate. These were interested more in steady “plateau
pressures” (as in Figure 1) than the unsteady pressures
underlying our research. Math validations showing
consistency between forward and inverse models are reported
later. Here we discuss clinical applications demonstrating the
versatility of i Syringe analysis.

“Clinical evaluation of large volume subcutaneous
injection tissue effects, pain, and acceptability in healthy
adults,” provides detailed pressure transients duplicated in
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Figure 3. Single-needle syringes, with flush mounted “internal pressure transducers” 1, 2 and 3, and “external transducers” 4A and 4B. Items
6, 16 and 10 represent plunger, speed control and computer. Movable flexible membrane 13 separates injectate 8 and supplemental fluid 12
(pressures are continuous across membrane). Cross-hatching denotes tissue media.
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Independent needles, adjustzble lengths
and angles, held by mechanical frame

Figure 4. Multi-needle syringes, parallel needle arrangement (top left); adjustable retractable lengths and angles with contoured
flexible base (right). Beveled tip with “biopsy sampler” (bottom left).

Figure 5-1 [2]. Traces A, B and C deal with 5 ml injections
for 1.1, 8 and 20 cp viscosities, while Trace D presents
results for 10 ml and 20 cp. The paper notes that “each curve
is the mean value of all included injections.” These
smoothed results therefore cover “thirty-two adult male and
female subjects ranging from 18-65 years of age, where a
total of 192 injections were administered.” Thus, our
conclusions below apply to an “averaged human” and not to
any individual. Also, the higher viscosity fluid was non-
Newtonian, with stress data obtained at two unspecified
shear rates. This differs from the Newtonian model in our
Darcy equations. Finally, the authors did not comment on
compressibility and anisotropy, while frictional flowline
effects were unaccounted for. Our predictions should be
understood in light of these limitations.

Exercise 1. Here we will consider Trace D in Display I.
We study the left side buildup using inverse Module PTA-
APP-01B. The data used are #1 (t = 0 sec, P =0 psi), #2 (t =
2.5 min = 150 sec, P = 53 psi) and #3 (t = 8 min = 480 sec, P
= 60 psi). The needle radius was not given — we assumed a
0.01 cm radius. The flow rate for Traces A, B, C and D is —
0.02 cc/s. Calculations yield a ke of 39.36 md/cp. Predicted
compressibility is large at 0.00029/psi and includes long
flexible tubing effects. Alternatively, we can use drawdown
data with model FT-PTA-DDBU. Points selected visually

are #1 (t =8 min =480 sec, P = 60 psi), #2 (t =10 min = 600
sec, P = 18 psi) and #3 (t = 18 min = 1,080 sec, P = 7 psi).
Results in Figure 5, Display Il bottom right give a mobility
of 44.45 md/cp, comparing favorably with 39.36 md/cp. The
7 psi pressure may be inaccurate, but not surprising given the
experimental inconsistencies cited.

Compressibility and flowline volume influence is
interesting, with Woodley’s experimental setup suggesting
strong fluid cushioning effects. As details are not available,
we assumed in PTA-APP-01B a value of 80 cc as in related
work  [3] considered separately. Substitution in
Compressibility (1/psi): 0.2330E-01 X
(cc/FloLineVol) leads to a 0.00029/psi compressibility
(versus 0.00061/ psi in the related investigation). In both
studies, flowlines were constructed from long flexible tubes
which enhanced “VC” compressibility. Large values of VC
widen time measurement windows, rendering pressure
signals visible and easily measurable. As a check, we used
FT-00 to create an implied pressure waveform. When times
from Figure 5, Display | are expressed in seconds, and a
compressibility of 0.00029/psi is used, together with
permeability taken as (predicted mobility, 40 md/cp) x (input
viscosity, 20 cp) or 800 md, the line obtained in Figure 5,
Display Il agrees with Trace D. Thus the results of Modules
PTA-APP-01B, FT-PTA-DDBU and FT-00 are consistent.
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Figure 5. Display I from Woodley et al. (2022), red denoting abdomen and black the thigh [2]. Data circles and A, B, C and D labels
are ours. Blue arrows denote time when pumping stopped. Authors noted “initial rise, plateau region and decline after injection

ceases” as discussed in our Figure 1.

Exercise 2. Here we will demonstrate the use of inverse
methods in trend analysis by studying pressure decline in
Traces A, B, C (buildup traces were excluded due to an
unrealistic plateau at the top of Trace A). Thus, we apply
Module FT-PTA-DDBU. For A, we use #1 (t =4 min = 240
sec, P =10 psi), #2 (t =4.5 min =270 sec, P = 2 psi) and #3 (t
=7 min = 420 sec, P = 0 psi). For B, we use #1 (t =4 min =
240 sec, P =33 psi), #2 (t = 5 min = 300 sec, P = 10 psi) and
#3 (t = 10 min = 600 sec, P = 2 psi). And for C, we use #1 (t
=4 min = 240 sec, P = 58 psi), #2 (t = 5 min = 300 sec, P =
24 psi) and #3 (t = 14 min = 840 sec, P =0 psi). We

assumed a Needle Gauge 27 syringe with an inner radius of
0.01 cm since needle size data was not available, and further,
that all 5 ml flow rate tests were performed with the same
syringe.

Figure 5-1V ’s predicted spherical mobilities for A, B and
C, namely 236, 76 and 44 md/cp for viscosities 1.1, 8 and 20
cp, are interesting. They differ enough that our visual
selection of pressure input data should not introduce sizable
error. Similarly, viscosity values are well separated. From
“Permeability = Mobility x Viscosity,” we have, going from
A to C, the permeabilities (236)(1.1) or 260, (76)(8) or 608
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and (44)(20) or 880 md, respectively. For the data analyzed,
the permeabilities are increasing as pressure increases.

The predictive methods disclosed in this paper were
derived from geosciences algorithms popular in oil and gas
exploration developed by the first author. These have been
used for almost three decades and are treated in several
books from John Wiley & Sons and Elsevier Scientific
Publishing (see “Discussion and Closing Remarks”).

In geological engineering, decreases in rock and soil
permeability are found as pressure increases. These arise from
mechanical compaction and imply increased flow resistance
as interstitial spaces reduce in size. Often, however, as in
“hydraulic fracturing,” very high stress loadings introduce
high permeability microfractures that allow increased oil
production and the opposite occurs. In biomedical
applications, complicated permeability changes are affected
by capillary, cellular and other microscopic phenomena. Our
methods, which only measure increases or reductions, do not
explain them.

Investigators have speculated that high pressure damage at
injection zones may lead to inflammation and permeability
increases as flow increases from capillaries to surrounding
tissues. Permeability issues of significance to iSyringe
applications are discussed in recent studies [4,5,6,7]. For
example, the latter explores “elevated capillary permeability,”
“increases in hydraulic conductivity” and “increased tissue
permeability” using finite element solutions to lower limb
swelling. Recent works on cancer and tumor growth
importantly show how sustained permeability increases
encourage rapid growth by increasing nutrients and oxygen
delivery. In our literature searches, we have not uncovered
direct permeability data for human tissues — results inferred
from interpreted pressure responses, such as ours, offer clues
to this important property.

Yorkshire Swine Fluid Mobility and Needle Size
Effects

“Understanding Subcutaneous Tissue Pressure for
Engineering Injection Devices for Large-Volume Protein
Delivery” provides waveforms useful to extracting properties
from dynamic pressure data [3]. It summarizes results for
“self-administration of monoclonal antibodies using prefilled
syringes, autoinjectors, and on-body injector devices,”
investigating subcutaneous pressures and injection site
reactions as functions of injection volume, flow rate and
viscosity and formulation. Since back pressure is an indicator
for changes in mechanical tissue properties leading to pain,
buildup and decay times as well as pain thresholds were
monitored. Swine porcine models were selected to simulate
human subcutaneous injections given similarities in tissue
thickness. A pressure sensor in the fluid path recorded
subcutaneous pressures in the abdomen of Yorkshire swine.
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The setup used, emphasizing long tubular connections
totaling forty inches, is duplicated in Figure 6. Pressure
drops in the main line were subtracted from total pressures,
using data obtained from air measurements (we address total
compressibility later). Here we are interested only in
pressure transients. Since Pexact (F'w.t) is smooth, outliers A
and C were discarded in favor of Trace B. This describes
realistic subcutaneous reactions, with a 20 sec buildup time
providing sufficient time for measurement.

Orifice sizes were not specified so we take this opportunity
to consider those mobilities predicted if Trace B data had been
collected with needles of different radii. Pressure data #1 (t=0
sec, P =0 psi), #2 (t =6 sec, P=15.8 psi) and #3 (t=19 sec, P =
7 psi) were used in inverse Module PTA-APP-01B with a
flow rate of — 0.1 cc/s. For Runs I, Il and I, we assume inner
needle radii of 0.01 ¢cm, 0.05 cm and 0.10 cm to calculate
mobility. We find that | predicts a 1,681 md/ cp, while Il yields
a smaller 336.2 md/cp, with Il leading to a further reduction
with 168.1 md/cp. For example, 1,000 md/ cp may represent
the permeability of ordinary sand to water, while values less
than 0.1 md/cp describe much denser rocks.

= Syringe

e — |

Flexible
Long Tube

Pressure Sensor, Needle
and Skin Mimic Pad

Good Data

g ¥ 5 psi Shifted Times
3 2 -2=0
gmﬂ 5.3[)5‘ B -2=6
§ 21-2=19
6—_ 304

204

104

0.3 psi

ds)
Air Injection - - - - -

a0
Time (secon
Subcutaneous
Injection

Figure 6: Yorkshire swine test fixture (Doughty et al. (2016) or [3],
our annotations).

Forward and Inverse Model Validations

How do we assess the quality of predicted tissue properties?
Experimental approaches are not entirely reliable, since test
samples cannot be accurately characterized. In our approach,
exact pressure versus time solutions corresponding to a
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well accepted forward Darcy formulation provide synthetic
“patient” test data with which to evaluate approximate
inverse models. If predicted permeabilities, compressibilities
and pressures agree with values used in creating our
synthetic data, one would conclude that both forward and
inverse models are consistent and accurate. Here we present
method validations focusing on applications and input
numbers encountered in practice.

Example 1. Results for Isotropic Media Using Drawdown
Method.

The input menu in Figure 7 assumes an isotropic
permeability of 1 md, a viscosity of 1 cp, for a mobility of 1
md/cp. A compressibility of 0.000003/psi (approximately that
of water) is used with a tissue porosity of 0.15. The syringe
dip angle is vertical at zero degrees. The needle radius is taken
as 0.05 cm. We assume a 1 cm separation distance for an
optional second observation transducer in direct tissue contact.
The flow rate as taken as 0.01 cc/sec for five seconds while the
syringe flowline volume is 5 cc. The high 1,000 psi
background hydrostatic pressure, not dynamically significant,
was chosen so displayed pressures are positive. Calculated and
plotted pressures appear in Figure 7.
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We perform an inverse calculation using the early-time
method in PTA-APP-01B. We have selected pressure data at
0.0, 0.3 and 0.6 sec. Computer output is shown in Courier
font.

OUTPUT SUMMARY . ..

Volume flow rate Q1 (cc/s): 0.100E-01
Pump probe, radius (cm): 0.500E-01
Probe, geometric factor: 0.100E+01

Effective radius (cm): 0.500E-01
1st Point Time T1 (sec): 0.000E+00
Pressure Pl (psi): 0.100E+04

2nd Point Time T2 (sec): 0.300E+00
Pressure P2 (psi): 0.866E+03

3rd Point Time T3 (sec): 0.600E+00
Pressure P3 (psi): 0.810E+03

Pore pressure and mobility predicted ..

Pore pressure (psi) : 0.1000E+04
Spherical mobility (md/cp): 0.1018E+01
FloLineVol*Comp (cm"5/1bf) : 0.9709E-04

Compressibility (1/psi) : 0.1505E-04
x(cc/FloLineVol)

B stratamagnetic Software, LLC ... Module FT-00 = m] X
 Fluid and Formation Parameters —— — Pumping Schedule
Permeability kh (md) ..... D Flow rate {cc/s) ...
ermessityvimal- [\ ||| S i
Porosity (decimal) ........ [0.15 End (sec).... }w | = i
& g
o) (1| | Powrieeemt 1| W ‘
Compressibility (1/psi) - [0.000003 | Start (gec) .. | g i
Por prssar .. £ s
Skin factor .. D Flow rate (cc/s) ... |:|
Dip angle (0-90 deq) ... Start (sec) .. |5
(not used if kh = kv D CI Time (sec) i
End (sec) ( me (Sec)
Balch Runs | | SetRanges| Extlob | =z |
Powrmeeen)-. |
~ Tool Properties
s o
Flowline volime (cc) . [s | ok fao) Time (s) Rate (cc/a) Ps* (psi) Pr* (psi)
Probe radius (€M) ... Bty 0.000E+00 0.10000E-01 0.10000E+04 0.10000E+04
Probe separstion(em).. [1 | - (- 0.100E+00 0_.10000E-01 0.9421€E+03 0.99€31E403
Strt(sec).. (53 | 0.200E+00 0.10000E-01 0O.89878E403 0.9%401E+03
Pedgeometriotactor.. [1 | £nd {86¢) o 0.300E+00 0.10000E-01 0.86620E+03 0.99236E+03
Compressibility (1/psi) .. Bt [ ] 0.400E+00 0.10000E-01L 0.84173E+03 0.99117E+03
- 0.S00E+00 0.10000E-01 0.82333E4+02 0.9502954+03
Pt | 0.600E+00 0.10000E-01 0.8094SE+03 0.98965E+03
Featwres | [C_simuate | End (sec) ... 0.700E+00 0.10000E-01 O.7990SE403 0.98518E+03
Rate Units |  LatestResuits | S S——
ClearRates |  Previous Run | et i
tsec).. [
About | Exit | :
— Depth of Investigation —————
fm"_““’ m_ﬁ”mm What'sthis? | Run | '

Figure 7. FT-00 and PTA-APP-01B isotropic drawdown calculations.
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These results are very satisfactory. The background
pressure is recovered as 1,000 psi while a mobility of 1.018
md/cp is predicted with less than 2% error. The
compressibility output “0.1505E-04 x (cc/FloLineVol),”
using the 5 cc substitution, yields a value of 0.00001505/5
1/psi or 0.00000301/psi (compared to an input of 0.000003/
psi). Next we calculate porosity from Module POROSITY.
With an isotropic permeability of 1 md, a viscosity of 1 cp, a
flow rate of 0.01 cc/sec, a needle radius of 0.05 cm, a
compressibility of 0.000003/psi and a background pressure
of 1,000 psi, the porosity values for time-pressure data at 2,
3,4 and 4.9 sec are

Time(sec 2.,P(psi) 768.1, POR1.79
Time(sec 3.,P(psi) 767.2, PORO0.26
Time(sec 4.P(psi) 767.1, PORO0.20

Volume 15 « Issue 4 34

Time(sec) = 5., P(psi) = POR = 0.24

compared with an exact FT-00 input of 0.15. In general,
porosity results are less reliable than those for permeability,
compressibility and pressure, since the parameter inputs used
are themselves approximate predictions. In practice, porosity
numbers should be used judiciously.

767.1,

Example 2. Results for Transversely Isotropic Media for
Pure Drawdown or Buildup.

Many body tissues exhibit transversely isotropic
behavior. In this first run, at the top of Figure 8, we revisit
Example 1 but assume k, = 1 md and k, = 5 md. We
perform the drawdown shown and carry the simulation to
steady-state. Again forward Module FT-00 provides exact
synthetic pressure data for steady inverse method FT-01,
also exact. Calculated transient pressures appear in Figure 8
and in the listing following it.

B statamagretc Software, LIC .. Module FT.00 —
~ Pumping Schedule

Start (vec) — 0
Endlinee) . |
Flow raie [ceis] ..
Start faec) — |
Ena{sec) —
Flow rae (core) — |
Start jnoct—
Endd{soc) o |
Flow rats [ceis] =
sart fues) — 52 ]
Endisect— a3 ]
e 1
Sia jase)

B Statamagnete Saftware

Sourca probe deitap il —— 7| a3 |
Coresrvation probe dalad (Bl o |4

Mod. = o x

; Endisec) — o1 ]
|| Powrastefcem) . v |
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Prabe saparaten (2m]
D ange 18801 o |g__ |
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Ratn Unts | L |
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O fnt k.

. o
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Warrars sk .. Bt ki, ke arsd Siriplets
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Compressiiliny [Spat} . (0.00000) sacfeect ;1|
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Figure 8. FT-00 and FT-01 transversely isotropic calculations.
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Time (s) Rate (cc/s) Ps* (psi) Pr*(psi)

0.000E+00 0.10000E-01 0.10000E+04 0.10000E+04

0.100E+00 0.10000E-01 0.94743E+03 0.99500E+03

0.200E+00 0.10000E-01 0.91524E+03 0.99223E+03

0.300E+00 0.10000E-01 0.89550E+03 0.99057E+03

0.400E+00 0.10000E-01 0.88337E+03 0.98959E+03

.87591E+03 0.98899E+03

0.100E+01 0.98820E+03

0.200E+01 0.10000E-01 0.86382E+03 0.98819E+03

0.300E+01 .86377E+03 0.98822E+03

0
0
0
0
0

0.500E+00 0.10000E-01
0
0
0.10000E-01
0

0
0
0
0
-10000E-01 0.86497E+03
0
0
0

0.490E+01 0.10000E-01 0.86373E+03 0.98825E+03

We now perform inverse calculations using steady flow
Module FT-01, also exact. Errors only arise when the
pressure drops used have not fully equilibrated. From t = 4.9
sec results, the pressure drop at the source probe is 1000 -
863.7 or 136.3 psi while that at the observation probe is 1000
- 988.3 or 11.7 psi. The algorithm solves cubic equations and
three roots are obtained,

Tentative permeabilities (nd) ...

Complex KH root # 1: -.997E+00 + 0.000E+0O i,
KV: 0.504E+01

Complex KH root # 2: 0.997E+00 + 0.000E+0O0 i,
KV: 0.504E+01

Complex KH root # 3: -.196E-05 + 0.000E+0O i,
KV: 0.130E+13

Note that Roots 1 and 3 possess negative k; values and
Root 3 solutions are physically unreasonable. On the other
hand, Root 2 successfully predicts k;, = 0.997 md and k, =
5.04 md, which are close to the FT-00 inputs of k, = 1 md
and k, = 5 md.

In a second simulation for this Example 2, consider the
nontrivial case with reversed k, = 5 md and k, = 1 md inputs
relative to the first, as shown at the bottom of Figure 8.
Computed forward FT-00 results are given there and also

immediately below.

Time (s) Rate (cc/s) Ps* (psi) Pr* (psi)
0.000E+00 0.10000E-01 0.10000E+04 0.10000E+04
-100E+00 0.10000E-01 0.95498E+03 0.99836E+03
.200E+00 0.10000E-01 0.93548E+03 0.99783E+03

-300E+00 0.10000E-01 0.92700E+03 0.99763E+03

0

0

0
-10000E-01 0.92330E+03 0.99756E+03

0

0

0

0

.400E+00 O
-500E+00 0.10000E-01 0.92168E+03

0

0

-99754E+03
.99757E+03

.100E+01 0.10000E-01 0.92039E+03

o O O O o o o

-400E+01 0.10000E-01 0.92030E+03 0.99762E+03
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0.490E+01 0.10000E-01 0.92029E+03 0.99763E+03

The inverse calculation is initiated at the bottom of Figure 8.
For the required steady pressure inputs, we use values at t =
4.9 sec, for which pressure drops are found as 1000 — 920.3 or
79.7 psi and 1000 — 997.6 or 2.4 psi at source and observation
probes. Calculated results are displayed below. As before,
Roots 1 and 3 are associated with physically invalid solutions.
On the other hand, the result in Root 2 is very good, with kj, =
4.86 md and k = 1.06 md as compared to FT-00 inputs of k;
=5 md and kVV: 1 md.

Tentative permeabilities (md) ...

Complex KH root # 1: -.486E+01 + 0.0O0OE+00 i, KV:

0.106E+01

Complex KH root # 2: 0.486E+01 + 0.000E+00 i, KV:

0.106E+01

Complex KH root # 3: -_956E-05 + 0.000E+00 i, KV:

0.274E+12

Example 3. Results for Transversely Isotropic Media
Using Drawdown-Buildup Method.

Now consider transversely isotropic media with a
drawdown-buildup sequence. Synthetic data is created using
FT-00 for input into the inverse drawdown-buildup FT-
PTA-DDBU model, which predicts background pressure and
k. 2? k,"*. We will show that predictions are consistent with
the inputs used to create the synthetic data in the forward
model. While “transversely isotropic” appears in the title, the
method also applies to purely isotropic media.

Calculated source pressure versus time together with
assumptions appear in Figure 9 (next page). The initial syringe
drawdown terminates at t = 3 sec, at which point pressure
increases. The inverse menu for FT-PTA-DDBU shows
arbitrarily selected pressures from t = 3, 4 and 5 sec which have
not yet equilibrated in time. At the bottom-right of the inverse
code menu, the predicted steady background pressure at large
times is 1,001 psi, which is close to the 1,000 psi assumed. In
addition, the spherical mobility is predicted as 0.3 md/cp, which
very close to that assumed in the forward simulation, that is,
(0.5 (0.)" or 0.2924 md/cp. Thus, the exact FT-00 model
and approximate FT-PTA-DDBU superposition inverse method
for drawdown-buildup sequences are numerically consistent.

Effects of Compressibility

Compressibility appears as “c” in the differential equation,
referring to the tissue medium, and “C” in the syringe
constraint describing fluid in both syringe and flowline. At
steady-state, all OP/0t terms vanish and neither ¢c nor VC
affects the dynamics — only true mobility effects like “kerr/p”
remain. Figure 10 shows pressure calculations performed for
two very different compressibilities. Note how the character of
the computed line curves differ.
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Pressure histories are created in Figure 10 for our “1,681
md Yorkshire swine problem” using FT-00. The upper
curve assumes the FT-01 predicted compressibility of
0.00061/psi while the lower diagram assumes a much
smaller water 0.000003/psi consistent with the injectate in
the experiments. All input parameters are otherwise
identical. The top curve reproduces the experimentally
observed pressure curve in Figure 6. Note how both
pressure traces yield the same 7 psi steady pressure drop
despite large compressibility differences. This depends only
on the mobility in the medium. Importantly, the upper curve
smoothly equilibrates in 20 sec; the lower curve achieves
steady state in one second, seen in the steep, barely visible
line near t = 0.

Thus, higher VC values broaden the time window
available for data acquisition, allowing greater accuracy
while leaving predicted permeability or mobility
unaffected. If steady states are achieved too rapidly, simply
install a long liquid filled flexible tube between needle and
syringe pump. Alternatively, introduce a movable flexible
membrane 13 as shown in Figure 3, separating the injectate
8 and a supplemental compressible gas 12 such as air.
Long liquid filled tubing works well, but the use of
compressible gases is suggested for syringe portability.

Subtle Flowline
Considerations

Geometry and Frictional

Subtle effects related to flowline geometry and friction on
permeability prediction are offered based on FT-00 and PTA-
APP-01B calculations. Using k;, = 30 and k, = 20 md, we have
kefr= (30)**(20)"* = 26.21 md. To emphasize key ideas, we use
extreme values for certain parameters. In Run 1, we assume a
typical V = 10 cc and a 0.02 cc/s injection rate. Transient
pressures equilibrate within 0.5 sec to 90 psi. Calculated
pressure values at 0.0, 0.2 and 0.4 sec are used in PTA-APP-
01B. The predicted ks is 26.56 md/cp, implying a 26.56 md
permeability for the 1 cp fluid, a small 1% error. This validates
forward and inverse methods, but in practice, the 0.5 sec time
window is too small to ensure measurement accuracy given
initially erratic needle movements. In Run 2, we consider the
effects of large flowline volumes and friction.

For Run 2, we consider extended syringe and flowline
volume effects. Longer line extensions are a necessity in
laboratory work with pressure sensors placed at the distant
end away from the needle [2,3]. One might suppose that
sensors closest to the orifice would provide greater
accuracy in properties prediction. After all, transducers
located faraway experience wall friction pressure drops
arising from fluid movement. The added volume would
also increase cushioning effects due to compressibility.
How do these effects influence permeability prediction?
We first run FT-00 for a long 10,000 cc flowline compared
to 10 cc. The pressure solution equilibrates to the same 90
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Figure 10. FT-00 pressure plots for “Yorkshire swine problem”
using C = 0.00061/psi (upper) and C = 0.000003/psi (lower).
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psi, not surprising since VC and ¢pc terms disappear at large
times. But what is interesting is the broader time window
available for measurement. The dynamically significant time
interval extends to about 300 sec from 0.5 sec, providing
greater flexibility for measurement accuracy. Are predicted
permeabilities affected? PTA-APP-01B results again show a
kegr of 26.56 md as in Run 1. This result is welcome. We
conclude that the added compressibility associated with
longer flowlines is desirable because larger time windows
available for data acquisition are encouraged.

We have not discussed the effects of constant rate fluid
movement in the flowline. Assume a viscosity such that the
end transducer measures an additional 1,000 psi. This large
value is added to the prior pressure inputs and the PTA-
APP-01B run is repeated. Results lead to the same ke In
summary, a long tube with a transducer located at the distant
end (1) does not reduce permeability accuracy, (2) does not
affect pressure inputs interpreted by the inverse algorithm,
and (3) improves accuracy and resolution by widening the
time measurement window. All three are welcome and
positive.

Our algorithms and workflow were structured to produce
the following results. First, the general boundary value
problem applies only at the needle orifice and tissue beyond.
The flow rate specification does not depend on how that rate is
produced — it simply states the rate at the needle and
circumvents any need for mechanical details. Thus, physical
interpretations for FT-00 are simple. At the start of injection,
the fluid pushes hard and pressures must increase; when
injections stop, pressures must decline. Now suppose we add a
long fluid column to the syringe body. If the injection rate is
constant and does not accelerate, significant dynamic effects
are not introduced. However, power is added and required to
push the column, leading to a constant pressure differential
needed to overcome wall friction. But this constant does not
affect the syringe boundary condition, one which depends on
the OP/Ot term. The separate tissue and syringe math
formulations used bypass mechanical details and related
simulation complexities while leaving the physics accurately
described. In addition, constant rate pumping simplifies the
electrical control of auto-injection and infusion pumps.

Corrections where tubular pressure drops are subtracted
from total pressure measured [3] are important in
determining absolute pain thresholds. But as explained,
whether or not the subtraction is performed does not affect
predictions for permeability. The effect produced by longer
flowlines does increase compressibility, which widens the
time measurement window, a desirable effect — but without
affecting the permeability. This widening was an unintended
consequence of the two laboratory setups. For their authors’
purposes, large time windows were not needed since only
rapidly achievable steady plateau values for patient pain
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assessment were needed. However, in our work, which
extracts information from dynamically changing pressure
curves, larger time windows are important as they broaden
the selection of pressure data input points available for
inverse calculations. Again, it is not necessary to subtract
flowline pressures from total pressures for inverse problems.
There is no penalty in lengthening the flow line for window
amplification purposes. In fact, depending on anticipated
injectate compressibilities, optimal windows can be tuned
using FT-00 and PTA-APP-01B for optimal tube lengths.

We emphasize that increases in the product VC will
widen time measurement windows, but it is not necessary to
use long liquid filled tubes. In fact, a slightly longer syringe
containing compressible gas, separated from the injectate by
a movable flexible membrane, would accomplish the same
result with greater syringe portability. This follows because
gases are a hundred-fold more compressible than liquids. A
convenient, non-toxic, readily available gas is room air. A
one-way check valve and filter can be installed in-line so
that, like a simple bicycle pump, clean room air enters from
the outside to enhance system compressibility.

In pain threshold studies where the interest is in steady
plateau pressures values themselves, flowline pressure
subtraction is essential. However, this does not require
separate “in air” tests used in recent investigations [3].
Required tubular pressure drops can be obtained from
conventional pipe flow formulas for Newtonian, Power Law,
Bingham Plastic and Herschel-Bulkley rheologies. Such
equations apply to laminar (and not turbulent) flows, but
steady conditions are almost always met in syringe
applications. Finally, we describe final Run 3 results, where
V is reduced to a reasonable 100 cc, with equilibration time
decreasing to 6 sec. From this transient history, we select
pressures at 0, 2 and 4 sec, again adding a 1,000 psi fictitious
pressure drop, for inverse PTA-APP-01B analysis. As
expected, we predict a 26.55 md effective permeability. The
transient Darcy pressure due to tissue response simply adds
to a dynamically insignificant background pressure, just as
acoustic sound is unaffected by the presence of a variable
wind.

Discussion and Closing Remarks

Methods predicting permeability, anisotropy,
compressibility, porosity and background pressure from
syringe pressure transients were developed. The inverse
results, requiring three (time, pressure) points along buildup
or drawdown curves, were validated using self-consistent
forward-inverse procedures. Individual k;, and k, values can
also be found knowing kj, Pk, ' from buildup or drawdown
tests, plus time delay “needle point to external probe”
measurements, versus the timewise lengthier but simpler
steady approach described here. More details, clinical
applications, and forward and inverse models appear in
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Biofluids Modeling, a recent 2023 book from John Wiley &
Sons [8]. The present paper builds upon a ResearchSquare
preprint published earlier in [9]. Altogether, the methods are
useful in providing rapid, quantitative, minimally invasive
and accurate local descriptions for tissue characterization.
They can be used in understanding physical anomalies, in
convenient periodic monitoring and, for example, in
acupuncture research focused on the role of activation and
deactivation of biological switches in living human and
animal tissue.

Windows software modules FT-00, FT-01, FT-PTA-
01B, FT-PTA-DDBU and POROSITY are available on
request from the authors. Six research monographs
developing the present methodology for geoscience
applications are available from John Wiley & Sons and
Elsevier Scientific Publishing. These books are also available
from www.amazon.com using author search parameters
“Wilson Chin” and “Wilson C. Chin.” In this paper, our
methodologies were illustrated using human and Yorkshire
swine pressure transient data in [2,3], respectively. We
emphasize that we did not perform any human or live animal
experiments so that related regulatory procedures are not
applicable. It is worth noting that the pressure versus time
curves studied are similar in shape to those normally
encountered in geoscience porous media flow applications.
This confirms our view that syringe induced effects in tissue
represent analogous porous media flow phenomena in rocks.

Data Availability

All data generated or analyzed during this study are
included in this published article. Software derivations,
discussions and availability are discussed under “Methods
for Pressure Interpretation.”
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