wo 2011/026645 A1 I 0K 00 OO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization /g 1IN I VAN U 00K 000 A0 OO A1
International Bureau S,/ )
ANMPlS 10) International Publicati
(43) International Publication Date \'{:/_?___/ (10) International Publication Number
10 March 2011 (10.03.2011) PCT WO 2011/026645 Al

(51) International Patent Classification: AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
A6IM 1/16 (2006.01) A61B 10/00 (2006.01) CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
. .. DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(21) International Application Number: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
PCT/EP2010/005453 KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
(22) International Filing Date: ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
6 September 2010 (06.09.2010) NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
. ) SE, 8@, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,

(25) Filing Language: English TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(26) Publication Language: English  (84) Designated States (unless otherwise indicated, for every
(30) Priority Data: kind of regional protection available): ARIPO (BW, GH,
09011352.3 4 September 2009 (04.09.2009) EP gl\l\/’[[ g\g) LER» LS, WMMAZZ’ §$» Isgé IS<IE f/[Z]») TIfI»JUTC}
, , Eurasian
(71) Applicant (for all designated States except US): B. TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
BRAUN AVITUM AG [DE/DE]; Schwarzenberger Weg EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
73 - 79, 34212 Melsungen (DE). LV, MC, MK, MT, NL, NO, PL, PT, RO, SE, SL SK,

(72) Inventors; and SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,

(75) Taventors/Applicants (for US only): CASTELLAR- GW. ML, MR, NE, SN, TD, TG).
NAU, Alex [DE/DE]; Thoringer Str. 30, 34212 Melsun-  Published:
gen (DE). SCHREIBER, Christian [DE/DE]; Weiden-

weg 18, 34292 Ahnatal (DE).
) . —  before the expiration of the time limit for amending the
(74) Agent: SPRENGER, Gerit; B. BRAUN MELSUNGEN claims and to be republished in the event of receipt of

AG, Carl-Braun-Str. 1, 34212 Melsungen (DE). amendments (Rule 48.2(h))

—  with international search report (Art. 21(3))

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,

(54) Title METHOD AND DEVICE TO OBTAIN PHYSIOLOGICAL PARAMETERS AND DETECT CLINICAL OR SUB-
CLINICAL ABNORMALITIES DURING A KIDNEY SUBSTITUTION TREATMENT

figure 1

(57) Abstract: The invention relates to devices and methods for detecting clinical and subclinical abnormalities during a kidney
substitution treatment, by measuring continuously a kidney substitution treatment dialysate. The detection of the abnormalities is
achieved by fitting the time dependency of a first set of measurements to a physiological model, extracting the physiologically rel-
evant parameters, and comparing further measurements performed in real-time to the corresponding model predictions. Detection
of a deviation from the expected bahaviour triggers an alarm and/or measures to confirm or correct the abnormality detection. Es-
timation of the rebound effects taking place after the kidney substitution treatment is also contemplated.



WO 2011/026645 PCT/EP2010/005453

METHOD AND DEVICE TO OBTAIN PHYSIOLOGICAL PARAMETERS AND DETECT
CLINICAL OR SUBCLINICAL ABNORMALITIES DURING A KIDNEY SUBSTITUTION
TREATMENT.

The invention relates to a method and a device to obtain physiological parameters by modelling
absorbance data coming from a spectrophotometric sensor coupled with the water system of a machine
able to perform kidney substitution treatments. The obtained parameters can not only be used to
estimate the post-dialysis rebound, and by extension the real or equilibrated Kt/V parameter, but also
for characterizing hemodynamic singularities of the patient. Additionally, evaluating deviations from
the modelled or expected data is used to detect clinical or subclinical abnormalities during a kidney

substitution treatment.

Dialysis adequacy is the topic that has got and gets more attention when one thinks about patient

outcome. In order to estimate dialysis adequacy one needs a parameter establishing a relation between
dialysis dosage and patient outcome. The most accepted parameter to estimate the quantity of dialysis
delivered or dosage is the Kt/V, where K is the effective clearance for urea, t is the treatment time and

V is the urea distribution volume which matches the total body water.

The NCDS (National Cooperative Dialysis Study) and the HEMO study found, after analyzing a large
patient group, that morbidity and mortality in end stage renal disease (ESRD) was strongly correlated
with the Kt/V value or dialysis dose. Data obtained from these studies resulted in guidelines regarding
hemodialysis treatments, which demand a minimum dose of Kt/V=1.2 for non-diabetic patients and 1.4
for diabetics (DOQI guidelines). It is worth to point out that a morbidity decrease not only improves the

patient well-being, but also reduces significantly the medical costs as the patient requires less care.

The need for a reliable and cost effective method to monitor the Kt/V and by extension control dialysis

adequacy and morbidity is therefore easily understood.
In the Kt/V calculation, the main problems are the K and V estimation along with the multi-

compartment urea kinetics. V can be estimated by bioimpedance, anthropometric measurements or

applying the urea kinetic model (UKM). All these methods have a certain degree of error. K can be

CONFIRMATION COPY
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estimated so far by measuring the blood urea concentration before and after the treatment or by

monitoring inlet and outlet conductivity changes in the dialysate side.

The method of taking blood samples is used as a reference. After taking the blood samples and
applying either the UKM or the Daugirdas formula a single pool Kt/V (spKt/V) is estimated.
Furthermore, Daugirdas second generation formulas should be used to get an equilibrated Kt/V (eKt/V)
which accounts for the urea rebound caused by the fact that urea kinetics do not follow a single pool
model but a multi-compartment one. This method has two main problems:

- It is not possible to know whether the treatment is adequate or not before it finishes, therefore it is not
possible to perform any action to improve the situation

- It is not a method which is easy to apply: sampling time is very important to get an accurate value,
and the medical staff must send the samples to the lab, wait for the results and calculate Kt/V values
with the help of a computer.

These facts result in monthly basis Kt/V measurements in the best case, which means that in a worst

case scenario a patient might be under-dialyzed for one whole month.

Conductivity methods are based on the observation that sodium clearance is almost equal to urea
clearance and that the relationship between dialysate conductivity and dialysate sodium concentration
can be considered linear in the temperature range of interest. Therefore it is possible to get urea

clearance by measuring the sodium diffusion transport through the membrane in the dialyzer.

It is important to introduce the concept of Dialysance, as it slightly differs from Clearance:

Clearance is defined as the ratio between transport rate and concentration multiplied by flow, and it is
applicable when the diffusing substance is on the blood side but not on the dialysate, as is the case for

urca.

Dialysance is defined as the ratio between transport rate and concentration gradient multiplied by flow,
and it is applicable when the diffusing substance is in both dialyzer sides. When one applies

conductivity methods to measure urea Clearance, one actually measures sodium Dialysance (Depner T,
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Garred L. Solute transport mechanisms in dialysis. Hérl W, Koch K, Lindsay R, Ronco C, Winchester
JF, editors. Replacement of renal function by dialysis, 5" ed. Kluwer academic publishers, 2004:73-91).

During conductivity based clearance measurements, a dialysate inlet conductivity different to the blood
one is produced, which results in a net transfer of sodium either from blood to dialysate or from
dialysate to blood due to the generated gradient. There are currently several methods which are applied

in the industry:

In a first method a one-step conductivity profile is performed; in a second method a two-step
conductivity profile is performed; and in a third method an integration of conductivity peaks is used
(Polaschegg HD, Levin NW. Hemodialysis machines and monitoris. Horl W, Koch K, Lindsay R,
Ronco C, Winchester JF, editors. Replacement of renal function by dialysis, 5" ed. Kluwer academic
publishers, 2004:414-418). The main advantage of this approach is that it is relatively easy to
implement and cost effective as it only needs an extra conductivity/temperature sensor downstream the
dialyzer. It offers Kt/V measurements during the treatment allowing the medical staff to react and
perform some actions in case the treatment is not going as it should. However, conductivity based
methods have also some limitations: they can induce some sodium load in the patient during the
measurement; and they are not useful to obtain other interesting parameters like nPCR or TRU. The
maximum measurement frequency offered so far by the industry is about 20 minutes, which means that
in a worst case scenario the patient could be under-dialyzed for 20 minutes. And although there are
some publications claiming it, so far, conductivity methods haven’t been applied with enough

reliability to hemofiltration or hemodiafiltration treatments.

Another method to estimate hemodialysis adequacy is by direct measurement of the waste products
(urea) concentration in the effluent dialysate. This method assumes that the evolution of urea

concentration over the time in the dialysate side is proportional to the one in the blood, therefore the
slope of the line obtained after applying the natural logarithm to the registered concentration values
over the time will be the same on both sides: dialysate side and blood side. And by definition such a

slope is K/V, which multiplied by the therapy time results in the Kt/V value.
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There are two different methods available to measure online the concentration of waste products in

effluent dialysate: Urea sensors and UV spectrophotometry.

The limitations of the urea sensors are well known. Recent works carried out by Fridolin I. et al (L.
Fridolin, M. Magnusson, L.-G. Lindberg. On-line monitoring of solutes in dialysate using absorption of
ultraviolet radiation: Technique description. The International Journal of Artificial Organs. Vol. 25, no.
8, 2002, pp. 748-761) and Uhlin F. (Uhlin F. Haemodialysis treatment monitored online by ultra violet
absorbance. Linkoping University Medical Dissertations n® 962. Department of Medicine and Care
Division of Nursing Science & Department of Biomedical Engineering. 2006.) have shown that UV
spectrophotometry is a reliable and cost affordable method to monitor waste products in effluent
dialysate. Additionally, the European Patent EP1083948B1 describes a sensor coupled with the
dialysate flow system of a dialysis machine, which is actually an UV spectrophotometer measuring UV

absorbance of UV absorbing products in spent dialysate.

Years ago research effort aimed to model the urea kinetics was performed. This resulted in a
compartment based urea kinetic model, where it was assumed that the human body was divided in
intracellular and extracellular pools. Later a more physiological model based on body spaces and
perfusion flow was developed (Dedrick RL, Gabelnick HL, Bischoff BK. Kinetics of Urea Distribution.
Proc Ann Conf Engr Med Biol 1968;10:36-41). During the early nineties, Schneditz and Daugirdas
further developed the perfusion model and published a formal analytical solution for it. (Schneditz D,
Daugirdas JT. Formal analytical solution to a regional blood flow and diffusion based urea kinetic

model. ASAIO J. 1994 Jul-Sep;40(3):M667-73).

The mentioned models describe the blood urea concentration during a dialysis treatment and the
subsequent urea rebound when the patient is disconnected from the machine. If the treatment
conditions are kept constant or within small variations, the concentration of solutes in spent dialysate
differs from the one in blood by a constant offset. The availability of spectrophotometric sensors,
which continuously assess the decay of concentration of uremic compounds in spent dialysate, allows
real-time kinetic modelling by fitting the above mentioned models on the measured data.

A proper fitting procedure could deliver good estimations of the physiological parameters playing an

important role during a therapy, i.e. cardiac output, blood access flow, urea generation, residual kidney
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function, dialysis clearance and volume and flow fractions of the body. During the post-dialysis stage
the obtained parameters keep on governing the body distribution of solutes; therefore they can be used

to calculate the rebound effect and by extension an equilibrated Kt/V with enough accuracy.

Because the physiological parameters tend to be constant for a given patient, it is possible to store them
in a suitable media, i.e. a patient card. The stored parameters can be used to estimate the concentration
or absorbance decay of waste products in spent dialysate. Any deviation from the modelled data can be
interpreted as a therapy anomaly, for example a subclinical hypotension. Said anomaly can be
accordingly controlled, for example by triggering a blood pressure measurement or decreasing the

ultrafiltration rate.

Patent EP0847768B1 discloses a method and a device to estimate the Kt/V and other dialysis adequacy
parameters by analyzing the urea concentration decay in spent dialysate. By this method, however, the

measuring device samples the spent dialysate instead of being directly coupled with the dialysate flow;
and the fitting procedure is not based on a physiological approach but on experimental exponential

Curves.

The problem of this invention is to provide a reliable method and device to estimate physiological
parameters based on concentration or absorbance data delivered by a measuring cell coupled with the
water system of a dialysis machine; to use the modelled parameters to estimate the rebound effects and
the equilibrated Kt/V; to detect anomalies during the therapy based on the modelled data; and, if
necessary, to take measures against the characterized anomalies. This problem is solved by a method
and device with the features described in claim 1. Furthermore this problem is solved by a device with
the features described in claim 17. Preferred embodiments of the invention are described in the claims

1to17.

Further goals, advantages, features and possibilities of use of this invention arise out of the subsequent
description of the embodiments of the invention. Therefore every described or depicted feature of its
own or in arbitrary meaningful combination forms the subject matter of the invention even independent

of its summary in the claims or its reference to other claims.
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It shows:
FIG1 Depicts a portion of a conventional dialysis machine plus a slight modification to host a

sensor coupled with the dialysate circuit,

FIG2 Depicts an schema of the regional blood flow model formally solved by Schneditz and
Daugirdas (Formal analytical solution to a regional blood flow and diffusion based urea
kinetic model. ASAIO J. 1994 Jul-Sep;40(3):M667-73).

FIG3 Depicts a fit of real UV-absorbance data, continuously measured in spent dialysate, using the
formal solution of the regional blood flow model. The fitted physiological parameters for this
86 years old male patient are CO: 4.09 I/min; fQurs: 0.81; fVyrs: 0.21; TBW: 28.74 |;
A(0)ursrs: 1.04 a.u.; G: 0.019 I/min; Qac: 0.22 I/min.

FIG4 Depicts a fit of real UV-absorbance data, continuously measured in spent dialysate, by using
the formal solution of the regional blood flow model algorithm together with an extended

segmentation algorithm, which improves the goodness of the fit.

FIGS5 Discloses a regional blood flow model with three body pools: a splanchnic (fast perfusion)
pool with volume EF, a somatic (slow perfusion) pool with volume ES and a blood pool with
volume EB. There is a clearance KS between the blood and somatic pools, a clearance KF
between the blood and the splanchnic pools, and a residual renal clearance KS and a dialysis

clearance KD describing the removal of substances out of the blood compartment.

FIG6 Shows a real data graphical solution of the tri-exponential model.

FIG7 Shows a deviation of the actual measured curve when compared with the modelled curve. The
observed bump after 60 minutes of treatment can be explained by a subclinical hypotensive

episode.

FIG. 1 shows a sketch of the dialysate circuit of a conventional dialysis machine plus a slight

modification to host a sensor coupled with the dialysate circuit. The blood from a patient is taken out
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into an extracorporeal circuit, it flows through the tube 32 into the blood chamber 30 of a dialyzer and
returns to the patient through the tube 31. The flow rate of the blood circuit is controlled by the blood
pump 33. The dialysis fluid is made of several concentrates and water, therefore the machine disclosed
in figure 1 comprises a water inlet 12, two concentrates inlets 16 and 18 and two concentrate pumps 17
and 19. The water flow together with the concentrates flow defines the final properties of the dialysis
fluid. The conduit 20 takes the dialysis fluid to the dialysate chamber 29 of the dialyzer, which is
separated from the blood chamber 30 by a semi permeable membrane. The dialysis fluid it is pumped
into the dialyzer by the pump 21. A second pump 34 sucks the dialysis fluid and any ultrafiltrate
removed from the blood. A bypass line 35 is arranged between the pumps 21 and 34. Several valves 26,
27 and 28 are arranged to control the dialysate flow. The conduit 36 leads the spent dialysate to a UV-
sensor 37 measuring its light absorbance, the UV-sensor 37 is connected by an interface with the
computer 14 which processes the measured data, the result of the data processing is displayed and/or
printed by the device 15, which is connected with the computer 14 by an interface. The conduit 36
leads the spent dialysate after its measurement by the UV-sensor 37 to the drain system 13. The dotted
lines 22, 24 and 25 represent an adaptation of the disclosed apparatus for hemodiafiltration treatments.
The substitution fluid comes from a substitution fluid source 11, flows through the line 22 and is
pumped in the blood lines of the patient by the pump 23. In case of post dilution hemodiafiltration the
conduit 24 leads the substitution fluid to the venous line of the extracorporeal blood system; in case of
pre dilution hemodiafiltration the conduit 25 leads the substitution fluid to the arterial line of the
extracorporeal blood system; and in case of pre-post dilution hemodiafiltration both conduits 24 and 25
are used. The computer 14 controls all the elements shown on the figure by means of proper interfaces,
said interfaces are not drawn for the sake of simplicity. The computer 14 gathers information about
other parameters of the dialysis machine, i.e. blood flow, dialysate flow and/or therapy time, these
parameters together with the measured data are processed, the result tunes the Kt/V measuring

functionality to assess deviations.

The UV-sensor 37 can be substituted by an urea-sensor, in this case will the urea concentration in spent
dialysate measured instead of the light absorbance. The disclosed dialysis machine is provided with
several other means as is conventional. These other means are not disclosed, since they are not relevant

for the operation of the present invention.
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Implementation of the Regional Blood Flow model (RBF)

Fig 2 depicts the regional blood flow model solved by Schneditz and Daugirdas. The body is divided in
two systems: the high flow system (HFS), which contains highly perfused organs like the heart, brain,
lungs, portal system and blood; and the low flow systém (LFS), which contains low perfused organs
like the muscles, bones, skin and fat. The high flow system contains about 21% of the total body water
(TBW) but it gets about 73% of the cardiac output in patients with end-stage renal disease (ESRD). The
low flow systems contains 79% of the TBW but it gets 27% of the cardiac output.

Equations 1 and 2 describe the urea concentration in both, HFS and LFS, during dialysis and between

dialysis time. The concentration terms may be substituted by absorbance terms.

» VL‘ -1 g v/Lz -1
vj'l —_— v}vz vj,z _v'% 1 1
() s = €(0) rs 2N 4 £(0) Pgi( ) 4 A P
P P4 b4

vh -1 _ vh -1
v‘1 —vh vh _ v/11 2
e(®) s = () yps ———+¢(0) 15 Py el +k A A (2
pl_ql p|_q1 pl—ql

Note: For a full description of equations 1 and 2 see ASAIO J. 1994 Jul-Sep;40(3):M667-73.

In one of the preferred embodiments of the current invention the RBF model is implemented in the
computer 14. The data measured by the sensor 37 is used as input for a fitting procedure. If the
conditions of the treatment are kept constant or within small variations the difference between blood
concentration and spent dialysate absorbance is proportional; therefore it is possible to fit the RBF
model with the measured UV-absorbance to obtain good estimations of the following physiological
parameters:

- CO: Cardiac ouput.

- fQurs: Fraction of the systemic flow perfusing the HFS.

- fVyrs: Fraction of the total body water contained by the HFS.
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- TBW: Total body water.

- A(0)ursars: Initial UV absorbance in the HFS and LFS.

- G: Urea or “absorbance” generation.

- Qac: Blood flow on the patient access: AV fistula or AV graft.
- Kac: Clearance of the dialysis procedure.

- Kgr: Residual renal function.

The obtained parameters can be used to estimate the post-dialysis rebound effects, which allows a good

estimation of the eKt/V value.

Fig 3 shows real measured UV-absorbance data fitted using the RBF. The patient was 86 years old and

weighed 57 kg. The obtained physiological parameters were:

CO 4.09 I/min
fQurs 0.81

fVurs 0.21

TBW 28.74 1
A(O)yrs/Lrs 1.04 a.u.

G 0.019 /min
Qac 0.22 I/min

An eKt/V of 1.31 was estimated with the modelled parameters. A blood based eKt/V for urea of 1.28
was calculated using an equilibrated blood sample, which was taken 30 minutes after the end of the

dialysis procedure. The agreement between both values is outstanding.

Special situations during dialysis, i.e. patient position change, sport during the treatment, or subclinical
hypotension, cause atypical patterns in the absorbance curves. In order to avoid poor fits in such
situations a segmentation algorithm is used. The quality of the fit I'(t) is evaluated at each data point by

means of equation 3.
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r()= (Absﬁ, (t)- 4bs,,, (t)) 3

A bsdala (t)

A critical quality, namely I'c=0.04, is defined. A time point T such that for all times t > 1 the quality of
the fit I'(t) is better than I'; is found. t divides the data in two sections which are individually fitted. The
kinetic parameters obtained by the fit of the segment such that t > t are used to predict the rebound

effects. Fig 4 depicts the effect of the segmentation algorithm, in that case 1 is about 75 minutes.

The applicants have however realized that the absorbance curves can be extremely well described by a
three-exponential decays, i.e. six parameters. Solving a system of six equations with ten unknowns is
known to be mathematically impossible as the system is underdetermined. This fact raised doubts about
a reliable application of the RBF model using as input the UV-absorbance measured in spent dialysate,

and led the applicants to the derivation of a tri-exponential regional blood flow model.
Derivation and implementation of a tri-exponential regional blood flow model

A second, and arguably much easier approach to the same problem is depicted in Fig. 5. In this model,
we have a blood compartment with a blood water volume EB and a urea concentration Cg(t); a somatic
(slow) volume with a water volume ES and a urea concentration Cg(t); and a splanchnic (fast)
compartment with a water volume EF and a urea concentration Cg(t). Between the blood and the
somatic volume, there is a clearance KS; between the splanchnic and the blood volume, there is a
clearance KF; and within the blood space there is a KR, which is the residual renal function, and a KD

which is the clearance due to the dialysis procedure.

The mathematical derivation of the model requires a separation between the dialysis procedure, where
KD is present, and the post-dialysis rebound stage, where KD is absent and a the equilibration of
concentrations takes place.

1. Model derivation during the dialysis treatment

Using mass conservation, we obtain during a dialysis treatment:

10
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om, =(C,-C,)-KF-ot 4)
dmg =(C,—Cs)-KS-at (5)
omy = (-0m, —mg—Cy-KR—-C,-KD)-0t  (6)

Dividing by the volumes of each compartment allows to express the differential equations in terms of

concentration:

aCF=M-KF-6t (N
EF

oC; =M-KS-& (8)
ES

aC, =——EIE((CB —-C.;)-KF+(C,—Cg)-KS+C,-KR+C,-KD)-&t (9)

Expressing equations 7, 8 and 9 in matrix notation:

_KS+KF+KR+KD KF KS
C, (1) EB EB  EB |(C,l)
G KF KF
—| C.(1)|= = - 1c
| Ce) i oF AL a0
C,(r) KS 0 K8 Cs(1)
ES ES

where we denote the matrix by M. Solving this equation is non-trivial as it involves solving a cubic
equation. However, we can use our knowledge of the system to solve it. One key feature of an equation
of this type is that any solution Cpgss(t) of any of the concentrations will follow a tri-exponential form.

Thus, it is possible to write the following solved model:

C,(0)= Ae™ + B,e™ +Cpe™ (11)

11
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C.(t)= Aze™ + B.e™ +Cre™ (12)

C,(t) = A;e™ + Be™ +Cge™ (13)

where:

- Mnn are the eigenvalues of M, equal among pools.

- Coefficients Apsrss, Berss and Cpess are different among pools.

- Coefficients Ap, B, Cg, A1, A2 and A3 are known because of fitting either the blood pool data or the
spent dialysate data.

It follows from equations 7 and 8; and the assumption that at the beginning of the dialysis treatment the
three pools are equilibrated: Cg=Cr=Cs; the boundary condition such that for t=0:

9Ce =0and s =0
ot ot

It is then possible to derive the coefficients A, B and C for the fast and slow pools from the known

coefficients.

Let a. = % and a4 = -I;S—S , it is then possible to rewrite equations 7 and 8 as:

&)=, -(C,)-C-()) (14
&) =a;-(C,()-Cs()  (15)

By substituting the values Cg(t), Cr(t) and Cs(t) on equations 14 and 15 by the expressions 11, 12 and
13, it follows:

& (1) =a, ((dye™ + B,e™ +Cpe™ )~ (4™ + Boe™ +Cre™)) (16)

&)= ag-((4,e™ + Bye™ +Cpe™ )~ (4se™ + Bee™ +Cee™))  (17)

12



WO 2011/026645 PCT/EP2010/005453

Refactoring equations 16 and 17 yields:

(3,’,([): ar '(AB _AF)'eM +ap '(BB _BF)'eAQ’ tar '(CB —CF)'eM (18)

@g(t) = Qg '(AB _As)'ehl +ag '(BB _Bs)'eh’ +ag '(CB —CS)-e%' (19)

Differentiating equations 12 and 13 yields:

& ()= A A-e* + 4,B. - + 1,Cr-e™  (20)

@f(t)= hds-e* +2,B;-e + 1,Cs e (21)

The exponential coefficients of equations 18 and 19 must equal the ones of equations 20 and 21. Thus,

for the fast flow pool it is possible to write:

o~

N
-

il

R
By
—

b
=]

1

b
B
N—

b
-

Il

-

N
]
~
N>/

and for the low flow pool:

(24
A =ag(4y—A4) > 4, =—2—-4
I =as (4= As) & A= " Ay 29)

o,
By=a;-(By—-B;)e By=———B
PaBy = ats(By = Bo) = By = =By (26)

13
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a
ACs = ag '(CB—CS)‘:)CS = o, :13 Cy (27

aC, aC,

because at t=0, =0and S =0, from equations 20 and 21 follows:

0=A44; + 4B, +4,Cp (28)

0= A4 As +2,Bs + 4,Cs (29)

where the coefficients A/, Bris and Cgss can be substituted by the expressions 22 to 27. ar and as can
be then solved. Further, by knowing or and as, Apss, Brs and Css can be also solved. At this point the
solutions 11, 12 and 13 of the model are known. Moreover, by knowing or and os, the rows 2 and 3 of

the matrix M are also known.
The first row of the matrix M can be also derived by using the already obtained coefficients:

KS+KF+KR+KD

let M(11)=c =~
et M(L1)=c -

: M(1,2)=p= %FE cand M(1,3)=y = EK%
from M follows :
&()=a-C,0)+p-C-0)+7-Csl) (0)
using expressions 11, 12, and 13 to substitute the factors Cg(t) C(t) and Cs(t) on equation 30 yields:

@& ()= a-(4,e™ + Bye™ +Cpe™ )+ B- (4,6 + B.e™ +Cpe™ )+

€1y
y- (Ase’l" +Bee™ + Cse'l“')

14
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refactoring equation 31 yields:

&()=(a- Ay +B-Ap +y-Ag)-e™ +(c- By + B-B, +y-Bg)-e™ +
(32)
(@-Cy+B-Cp+y-Cg)-e™

differentiating equation 11 yields:

@ﬁ(t)= /11‘43 -eM +/lzBB e +A’3CB e (33)

the exponential coefficients of equations 32 and 33 must be equal. Thus, it is possible to write a system

of three equations and solve for the three unknowns a, B and y:

a-Ag+f-Ap+y-As =4 4y
a-By+f-B.+y-Bs=4,-By (34)
a-Cp+f:-Coty-Cs=24-Cy

2. Derivation of the model volume fractions: fVp, fVr and fVs

By using the solved coefficients of the matrix M it is possible to derive the body volume fractions of

each of the modelled regions, namely the blood, splanchnic and somatic compartments.

fV; can be expressed as EB divided by TBW (total body water). Thus, it is possible to write:

oo EB ___EB_ EB/ )
B B " EB EF ES
TBW EB+EF+ES /EB+ éB+ /EB

W, = 1
8- EF ES (36)
1+ EF o+ B
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from the factors EF/EB and ES/EB of equation 36, it can be derived:

EF _KF ES _KF 1
EB EB KF EB a, 7V

ES _KS ES _KS 1

EB EB KS EB @y OV
thus:
= 1
’ Es Bp (39)
1+ +
1273 Qg

fVF can be expressed as EF divided by TBW (total body water). Thus, it is possible to write:

v, =EE _EB-EVbp _ B EE_ gy EE 40
E TtBW TBW TBW EB ® EB

from using equation 37 in equation 40 it follows:

KF 1
fVF—fVB'E'a_ 41)

F

Finally fVg can be expressed as:
SV =1=fVy = f¥s (42)

3. Model derivation during the post-dialysis rebound

16



WO 2011/026645 PCT/EP2010/005453

If we assume that the patient’s kinetic parameters stay constant after the treatment, and that KR=0, it is
possible to model and solve the post-dialysis rebound. The matrix M can be rewritten as M’, where all
the elements are known. Because during the rebound the dialysis treatment is over, the factor KD is

absent in the matrix M’.

_KS+KF KF  KS

CL(t) EB EB EB | (CL()
ool £ 2o |la 43)
or| ! EF EF ;
Ci(t) KS o _Ks Cs(1)
ES ES

The solution to the system of differential equations 43 is of the form:

C.(t) = Ae™ + Bye™ +Cle™ (44)
CL(t)= A.e™ + BLe™ +Cpe™ (45)
Cit)= ALe™ + Bie™ +Cle™ (46)

where 1’1, 1’; and A’; are the eigenvalues of M’, and can be solved as follows:

M-.-e=A-e=2-

I~

e 47

(M -1-1I)e=0det(M' ~2-1)=0  (48)

_KS+KF_, KF  KS
EBF EB EB
K KF
== 2 o 49
EF EF 49)
s 0o _KS_,
ES ES

17
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=—EF-ES-(KF+KS)—EB-(ES~KF+EF-KS)+
2.-EB-EF-ES

A
(30)

=4 EB EF -ES-(EB+EF +ES)- KF -KS + ((EB+ EF)- ES - KF + EF -(EB+ ES)-KS)'
2-EB-EF-ES

_—EF-ES-(KF +KS)- EB-(ES - KF + EF -KS) _
2-EB-EF-ES

Z
61y

J—4-EB-EF-ES-(EB+EF + ES)-KF -KS+ ((EB+ EF)-ES - KF + EF -(EB+ ES)-KS)’
2-EB-EF-ES

A4 =0 (52)

The third eigenvalue corresponds to a constant offset, which agrees with the physical understanding of

the system, as it will reach the equilibrium at some time point.

To further solve the model it is necessary to refactor the coefficients A’psss, B’prss and C’prs in a

fashion similar to the one followed above.

From the matrix M’ it follows:

&)= G- CH)+0-Ci)= 2 (€ 0)-Cr) (53)

&()=22-Cy0)+0-Ci0)- T2 )= 22 (C0-G) (59

By substituting the values C’g(t), C’g(t) and C’s(t) on equations 53 and 54 by the expressions 44, 45
and 46, it follows:

&)= % (e + Bye + Che® ) (4™ + Bre™ +Cle™ ) (55)

@g(t) = E_g . ((A;e“" + Ble™ + C;,e;'s' )— (A;e’l"’ + B;e’lé' + Cée}’i' )) (56)
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Refactoring equations 55 and 56 yields:

KS ' ' 'l KS ' ' it KS ' ' it
@ﬁ(t)=E-(AB—AF)-eA‘ +E—S-(BB—BF)-eA? +E_S'(CB_CF)'eAG 57

—K_S. g )., M __I__<_§ '_!_/15' KS ' ' Ayt
&lr)= oo (A — ) e + == (By — B)- e + 2 (Ch = Co)-e¥ - (58)

Differentiating equations 45 and 46 yields:

@& ()= L A,e™ + A;Be™ + AiCre™ (59)

&(r) = L Ase™ + 1;Bie™ + i Cle™ (60)

The exponential coefficients of equations 57 and 58 must equal the ones of equations 59 and 60. Thus,

for the fast flow pool it is possible to write:

! ’ m ! 1 ! ﬂ’l ’
A’IAFzE_S.(AB_AF)@AB /ES A (61)

s

1B, =2 (BB By = 5k o

s

KS
o KS 0, , ﬂg+ ,
AC. =———ES-(CB—C ) C, %55 C.. (63)

=23

and for the low flow pool:
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' KS
A’Aé:ﬁ.(A;_A;)QA;=A1—/ES.A’ (64)

ES KS/ES S

' KS
r pf KS' ' ’ 1] ﬂq+ '
AzBszES’(BB"Bs)@BB= KSA;S'BS (65)
éS

' . KS
v KS . . At ,
ABCS=ES'(CB_CS)@CB= A;S'Cs (66)

ks

A3=0, thus,

& =C}. =C; (67)

A boundary condition during the post-dialysis rebound is that at t=0, the concentration of each of the
pools, i.e. blood, splanchnic and somatic, equals their respective concentrations at the end of the

dialysis treatment t=Tg;,;, which are known. Therefore, it is possible to write:

Cy (0) =Cy (T dial) = A;ew + B;e%' + Czlae%’
Cr(0)= Cr(T,) = Ape™ + Bre™ +Cre¥ 1 (68)
Cs (O) =Cs (Tdial) = A;e""' + vaew + C;e%'

Because t=0 and expression 67, it follows from expression 68:

C;(O) = CB(Tdial) = A; + B;s + C;-‘
Cr(0)=Cp(Tyo)=4; + B +Ci.t  (69)

Cé(0)= CS(TdiaI)= A.’s +B; +Cr

where,

- A’gand B’g can be expressed in terms of A’r and B’ by using equations 61 and 62.
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- A’sand B’s can be expressed in terms of A’g and B’ by combining equations 61 and 64; and

62 and 65. Terms A’g and B’g go and the resulting equations are solved for A’s and B’s:

“Ap (70)

(71)

- When the equations system 69 is expressed in terms of A’g, B’r and C’r, we have three
equations and three unknowns. After solving it, finding solutions for A’g/s and B’ps using

equation 61, 62, 64 and 65 is trivial.

Fig. 6 shows a graphical solution of the tri-exponential model.

4. Estimation of the equilibration time

During the rebound phase, and considering that 1,70, A,#0 and A;=0, we have the following functional

dependence of the concentrations:

C,(t)=4,-e"+B,-e¥+C (72

According to equation 72, the most negative A (i.e. the smallest one) will decay faster, so the total
approach to the final constant value C is determined by the slowest decaying function, i.e. by the most
positive A. Let's assume that this particular A is A,, so for long enough times Cg(t) can be approximated

by a single exponential decay:

21



WO 2011/026645 PCT/EP2010/005453

C,(t)~ B, - +C  (73)

By comparison, in electrostatics the exponential decay of a capacitor charge Q(t) is expressed as:

0)=00)-¢” (4
After a time t=5'1 it is assumed that the capacitor charge is completely gone.

By analogy, we can estimate the equilibration time as: ¢, =5- %2

The equilibrated Kt/V can be calculated by dividing the concentration at time teq by the concentration at

time O:

Kt/V——-ln—C—é—(t—=te—q) 75
M= e=o) @

3. Validation of the tri-exponential model against real patient data

During eight dialysis treatments the patient arterial blood was sampled every 20 minutes. The urea
concentration decay over the treatment time was modelled. The urea rebound and by extension the
eKt/V was calculated.

Two additional blood samples were taken from the patient: one before the start of the dialysis; and
another 30 minutes after finishing the treatment, i.e. body urea concentration reached the equilibrium.

By using the following equation a reference blood based eKt/V for urea was obtained.

Coomin our_dicvs.
K11V 31004 =—ln(__32C2_e_.d_fz_J (76)

pre—dialysis
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The following table summarizes the results:

Patient Treatment eKt/V blood eKt/V modelled error
3 1 0.96 1.04 7%

2 1.04 1.02 2%

3 3 0.93 0.99 6%

3 4 1.01 0.98 -3%

4 1 1.44 1.33 -7%

4 2 1.38 1.31 -5%

4 3 1.47 1.53 4%

4 4 1.28 1.32 3%

Because the difference between blood concentration and spent dialysate concentration/absorbance is
just an offset, the same model can be applied when continuously monitoring any uremic compound or

UV-absorbance in spent dialysate.
Storing the modelled parameters and identification of abnormalities during the treatment

Patient based physiological parameters tend to be constant among treatments, or show patterns related
with the treatment day, i.e. on Mondays patients use to come to the dialysis centre with more weight as

it has been not one but two days since the last treatment.

In our preferred embodiment, the measured concentration/absorbance curve is modelled. The eKt/V
and the physiological parameters are calculated and displayed. Further, the modelled parameters are
stored in a suitable medium, i.e. a patient card or a data base in the dialysis machine. At the beginning
of the next therapy the last stored parameters are loaded and used to predict the concentration or
absorbance evolution over the treatment time. The following equation can be used to monitor on real-

time the difference between the estimated absorbance curve and the actual measured data:

Abs

actual t

9(t)=[Abs ) .J(t)—Ab)sac,W,(t)J -
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A critical threshold, namely 6,=0.05, is defined. If 6(t) > 6. a problem during the treatment may be
happening, e.g. a subclinical hypotensive period. The applicants experience shows that the following
abnormalities can be recognized through the analysis of the absorbance curve:

- Clinical or subclinical hypotensive episodes: produce a bump on the curve after the first treatment
hour.

- Dialyzer clotting: produce a steep drop on the absorbance curve together with an increase of the
pressure difference between dialyzer inlet and outlet.

- Access recirculation: produce a steep drop on the absorbance curve.

Fig. 7 shows a practical case. After 60 minutes of dialysis the actual curve shows a bump which
deviates from the expected curve. This dialysis treatment was reported as normal by the medical staff.
However, a blood pressure decrease together with a heart rate increase were recorded on the dialysis
protocol at the same time the curve bumped. This phenomenon was caused by a too high ultrafiltration
during the first treatment hour, which triggered a physiological reaction to restore the decreased
volemia and blood pressure. The heart rate increase and the somatic blood supply to the central
circulation raised the concentration of uremic substances on the blood compartment. Further, a UV-
absorbance bolus was recorded by the UV-Sensor 37 in spent dialysate.

This circumstance can be defined as a subclinical hypotensive period, as the patient didn’t show any
symptoms because the physiological mechanisms reacted on time. Abnormal situations requiring body
regulation to keep the normal physiological status should be avoided whenever possible. In this specific
case the curve bump can trigger a blood pressure measurement, and if it is below a critical level the

ultrafiltration pump is stopped and a saline solution bolus might be infused to the patient.
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Claims

1. A method and device to obtain physiological parameters and detect clinical and subclinical

abnormalities during a kidney substitution treatment,

wherein the kidney substitution treatment is provided by a machine, which has an extracorporeal
blood system pumping the patient blood at a preset blood flow rate through the blood chamber of
a dialyzer, which is divided by a semi-permeable membrane into the blood chamber and a

dialyzing fluid chamber, and

wherein the dialyzing fluid flows at a preset flow rate through the dialyzing fluid system of the
machine and collects the waste products from the patient after flowing through the dialyzing fluid

chamber of the dialyzer, and

wherein a device able to measure continuously any kidney substitution treatment related waste
product to deliver together with the data provided by the kidney substitution treatment machine a
adequacy parameter wherein the device is coupled with the dialyzing fluid system of the kidney

substitution treatment machine, and

wherein curves describing the adequacy of the kidney substitution treatment are obtained by the

device able to measure continuously any kidney substitution treatment related waste product, and

wherein there are available means to model physiological parameters and predict equilibrated
adequacy parameters from the curves describing the adequacy of the kidney substitution

treatment, and
wherein there are means to store the modeled physiological parameters in a suitable medium and

to use them in outcoming kidney substitution treatments to estimate the evolution of the curves

describing the adequacy of the kidney substitution treatment, and
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wherein there are available means to identify abnormalities during the kidney substitution
treatment by comparing the estimated curves describing the adequacy of the kidney substitution
treatment against the actual measured curves describing the adequacy of the kidney substitution

treatment, and

wherein there are available means to trigger measures on the machine providing the kidney
substitution treatment to correct or assess the identified abnormalities during the kidney

substitution treatment.

2. The method and device according to claim 1, wherein the kidney substitution treatment can be
double needle hemodialysis, single needle hemodialysis, single needle cross over hemodialysis, post-
dilution hemodiafiltration, pre-dilution hemodiafiltration, pre-post-dilution hemodiafiltration, post-
dilution hemofiltration, pre-dilution hemofiltration, pre-post-dilution hemofiltration or sequential

hemodialysis.

3. The method and device according to claim 1, wherein the device able to continuously measure a
waste product in dialyzing fluid is an urea sensor, an spectrophotometric sensor, and UV-

spectrophotometric sensor.

4. The method and device according to claims 1 and 3, wherein the UV-spectrophotometric sensor

measures in the wavelength range from 250 nm to 300 nm.

5. The method and device according to claim 1, wherein the curves describing the adequacy of the
kidney substitution treatment are the timely decay of absorbance, UV-absorbance, or concentration of

any uremic substance cleared during a kidney substitution treatment.

6. The method and device according to claim 1, wherein the physiological model is a regional blood
flow model with a high flow system (HFS) and a low flow system (LFS), and the obtained
physiological parameters are cardiac ouput; fraction of the systemic flow perfusing the high flow

system; fraction of the systemic flow perfusing the low flow system; total body water, fraction of the
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total body water contained by the high flow system; fraction of the body water contained by the low
flow system; initial absorbance, UV-absorbance or uremic compound concentration in the high flow
system; initial absorbance, UV-absorbance or uremic compound concentration in the low flow system,;
urea generation; blood flow on the patient access; and/or clearance of the kidney substitution treatment;
and wherein the equilibrated adequacy parameter is calculated by using the obtained physiological

parameters.

7. The method and device according to claims 1 and 6, wherein a segmentation algorithm improve the

fit agreement of the model.

8. The method and device according to claims 1, 6 and 7, wherein the segmentation algorithm defines
critical quality, and a factor 1, such that for all times t > t the quality of the fit is better than the defined

critical quality; and wherein said factor t divides the data in two sections which are individually fitted

9. The method and device according to claim 1; wherein the physiological model is a tri-exponential
model with one splanchnic pool with a water volume EF, one blood pool with a water volume EB and
one somatic pool with a water volume ES; wherein there is a clearance KS between the blood and
somatic pools, there is a clearance KF between the blood and the splanchnic pools, and there are a
residual renal clearance KS and a dialysis clearance KD describing the removal of substances out of the
blood compartment; and wherein the physiological parameters are EB, EF, ES, KF, KS, KR, KD, total
body water or any mathematical combination of them; and wherein the equilibrated adequacy

parameter is calculated by using the obtained physiological parameters.

10. The method and device according to claims 1, 6 and 9, wherein the equilibrated adequacy
parameter is the eKt/V of absorbance, UV-absorbance, or any uremic compound removed during a

kidney substitution treatment.

11. The method and device according to claim 1, wherein the suitable medium to store the modeled
physiological parameters is a hard disk hosted in the kidney substitution treatment machine, a memory
card hosted in the kidney substitution treatment machine or a patient card attached to the kidney

substitution treatment machine.
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12. The method and device according to claim 1, wherein the estimated curves describing the adequacy
of the kidney substitution treatment are the timely decay of absorbance, UV-absorbance, or

concentration of any uremic substance cleared during a kidney substitution treatment.

13. The method and device according to claim 1, wherein the identification of abnormalities during a
kidney substitution treatment is done by defining a critical level; and wherein a difference between the
estimated curve describing the adequacy of the kidney substitution treatment and the actual curve
describing the adequacy of the kidney substitution treatment greater than the defined level identifies the

abnormality.

14. The method and device according to claims 1 and 13, wherein the abnormality is either a clinical or
sub-clinical hypotensive episode defined by a bump in the absorbance curve; and/or a dialyzer clotting
identified by a steep drop on the absorbance curve together with an increase of the pressure difference

between dialyzer inlet and outlet; and/or access recirculation defined by a steep drop on the absorbance

curve.

15. The method and device according to claims 1 and 13; wherein a proper action to handle the
identified abnormality of the kidney substitution treatment is triggered on the kidney substitution

treatment machine.
16. The method and device according to claims 1, 13 and 14, wherein the action triggered by the
identification of a deviation is measuring the blood pressure and/or stopping the ultrafiltration pump

and/or administering a bolus of saline solution.

17. The method and device according to claims 1, 13 and 14, wherein the action triggered by the

identification of a deviation is notifying, warning and/or alarming the medical staff..

18. A kidney substitution treatment machine, wherein the method according to any one of claims 1 to

17 is implemented.
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