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PROG RAM_DESCRIPTION GUIDE

IDENTIFICATION

Program Name

Erythropoiesis Regulatory Model

Programmer and
Bioengineer Contact

D. J. Grounds or J. 1. Leonard, GE/TSSD,
P. O, Box 58408, Houston, Texas, TTU58,

Date of Issue

March 10, 1978

GENERAL DESCRIPTION

A mathe iatical model and digital computer simulation of the erythropoietic
control system were developed to simulate long term dynamic changes in red
cell mass as a result of various environmental and physiological stimuli,
including those associcted with bed rest and weightless spaceflight, The
purpose of the model is to provide a method to analyze some of the events that
could account for the decrease in red cell mass observed in crewmen return-
ing from space missions.

USAGE AND RESTRICTIONS

Machine, Operating System,
and Compiler Required - Univac 1110, EXEC 8, FORTRAN V

Peripheral Equipment Required - * Time-Sharing Terminal, Tektronix 4010
Graphics Terminal

PARTICULAR DESCRIPTION

The model is based on the premise that ervthrocyte production is governed
by the balance between oxygen supply and demand at a renal sensing site
(Figure 1), Oxygen supply is taken to be a function of arterial oxygen tension,

mean corpuscular hemogiobin concentration, oxy-hemoglobin carrying capacity,

hematocrit, and blood flow. Erythrocyte destruction is based on the law of
mass action, The instantaneous hematocrit value is derived by integrating

changes in production and destruction rates and accounting for the degree of
plasma dilution,

—



RES
SEQUESTRATION

[ -

T DESTRUCTION | TOTAL M TOTAL W8 M EFFECTIVE 2 insPirep ¥
RED CELL BLOOD OXYGEN
i VOLUME HB CONC OXYGENATION
HEMOLYSIS *
HB - OXYGEN
PLASM | AFFINITY *
VOLUME T
MODERATING
FACTORS ©
o 2,3-DPG
EXTRAMEDULLARY sLoop ¥ o Wt
ERYTHROPOIESIS OXYGEN
DELIVERY o Co,
8Loop X
FLOW
| RECEPTOR Tissue X
INHIBITORS i SITE OXYGEN
KIDNEY) y DEMAND
BONE MARROW
RESPONSE
CELL PROLIFERATION o)
PLASMA ESF
HB SYNTHESIS X ERYTHROPOIETIN PRECURSOR
RETICULOCYTE © (ESF) ‘
RE LEASE |
MODERATING CLEARANCE ACTIVATOR
FACTORS
o IRON
o VITAMINS —
URINARY
o FOLIC ACID ESF

O x

IMPLEMENTED IN VERSION | MODEL
IMPLEMENTED IN VERSION Il (CURRENT) MODEL

FIGURE 1

THE IMPROVED ERYTHROPOIESIS MODE L

PR L pa—



The most significant improvement in the model is the explicit formulation

of separate elements representing erythropoietin production and red cell pro-
duction, Other modifications include bone marrow time-delays, capability to
shift oxyhemoglobin affinity and an algorithm for entering experimental data
as time=varyving driving functions, These changes result in a significantly
improved and more flexible model as demonstrated by consistently more
realistic simulations,

A more detailed description of this model and the results of a validation study
may be found in References 1-3,

The various tvpes of simulations which can be performed with this model are
illustrated in Table 1.

In addition to these input parameters which can be changed to simulate experi-
mental or clinical conditions, the model can be driven by experimental data
for plasma volume or hematocrit, Data from experimental studies are avail-
able to the user upon demand, These studies will be listed under description
of model input and the references appear in the Reference section,

DESCRIPTION OF INPUT

(1) Access procedures to the Univac 1110 have been documented in TIR 741~
MED-305¢ "Simplified user instructions for physiological models using
the Univac 1110 in Demand Mode, "

An example of input for the model is given in Appendix 1. This examnle
contains all necessary responses after obtaining a carrier signal on the
terminal,

(2)  Execution of the program begins by typing @ADD THERM, LOADNEW,
This instruction loads the appropriate programs into the user's file,
compiles them, and collects them for execution, This process involves
several lines of print before the program begins execution,

Initial conditions for the program are established by reading in a set of base-
line values for the model parameters. The parameter names, definitions,

and initial values and units are given in Appendix I1. The mnemonics given in this
glossary are the ones which must be used for specifying changes in input values
or the output list, (see below),



(3)  The user is given an option to use experimental data as input. If this

option
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is exercised, the following choices are offered.

= Bed Rest Plasma Volume (Morse, 1969)
= Bed Rest Plasma Volume (Idealized)
Bed Rest Plasma Volume (BCM-~Johnson, 1976)
Bed Rest HCT (BCM-Johnson, 1976)
= Altitude Hypoxia Plasma Volume (Buderer, 1973)
= Skylab 3 Plasma Volume
= Skylab 3 HCT (Peripheral)
= Skylab 4 Plasma Volume
= Skylab 4 HCT (Peripheral)
= Input Plasma Volume
Input Peripheral Hematocrit

]

0

Upon selecting a study, the stored experimental data are written out,

(4)  The user is then asked to specify the number of days for the run and
the print interval.

The question INPUT WANTED CHANGED gives the user the opportunity
to change any of the 67 model parameters listed in Appendix II, Some of
the most meaningful parameters to change upon input are given in Table 1,

4 \‘-'-“; .

TABLLE 1
INPUT PARAMETERS

Mnemonic Definition
TMAX = time limit of run (days)
TPNT = print interval (days)
L H integration step size (min)
i RCVO = initial red cell volume (liters)
PV =  plasma volume (liters)
BF =  blood flow (liters/min)
AOM multiplier for changing basal oxygen consumption of
renal tissue (ratio. to normal)
MCHC = mean corpuscular hemoglobin concentration

(gm Hb/liter blood)
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TABLE 1_(Continued)
INPUT PARAMETERS
Mnemonic Definition
CHBO2 = maximum oxygen carrying capacity of hemoglobin
(ml ()2/gm Hb)
RKC = clearance time constant for red cell destruction
(mln'l)
PO2ART = arterial blood pO2 (mm Hg)
Gl = sensitivity or gain of erythropoietin releasing system
to tissue pO,_
G2 = sensitivity or gain of bone marrow to flasma erythro-

poietin concentration
EHL = erythropoietin half life (minutes)

ENIF

erythropoietin infusion (x normal volume)

RCVLO

n

volume labeled red cells infused (liters)

DESCRIPTION OF OUTPUT

The question OUTPUT WANTED or SAME gives the user the option to replace
the output list with any specified parameter in the glossary, The default list is
given in the example developed in Appendix 1,

The model is set up to give graphical or tabulir output on demand, If tabular
output is selected, the user is guven the opportunity to plot the data in the
output list after the tabular output is complete,

The graphics option permits the user to plot the model results using a
TEKTRONIX 4010, Six (6) parameters may be selected from the eighi selected
output parameters. They are plotted against time in dayvs and the loc (LOC)
will break up the page into (2-6) separate plots,

The user is also required to specify the upper and lower coordinate limits
(HIGH, LOW). A sample run illustrating this procedure is included in Appen-
dix I

SP——
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INTERNAL CHECKS AND EXITS

The model will simulate desired experiment until time equals TMAX. The
user will have an opportunity to:

a) continue the run by typing MORE
b) begin a new run by typing NEW
¢) exit from execution mode by typing STOP

If you elect to continue the run (MORE) the present values of the input para-
meters will be printed and you may change any of them, The very least
change tha. is required is to increase TMAX from its current value, Time
is reset back to zero only when a NEW run is begun,

A normal stop exit occurs by typing "STOP" in response to "WISH TO CON-
tinue ?"

INDEPENDENT SUBROUTINES

REDCEL Main Program

INPUT Initialization and conversational input
TISSUE Computes tissue oxygen tension
BLOOD Computes red cell mass

ouTPUT Conversational output

INTGRL Integration algorithm

GE TSP Oxy-hemoglobin saturation algorithm
PLOT Graphics algorithms

XPER Reads experimental data
DATA1-DATA 9 Experimental Data

BDAT Initialization Data

SAMPLE RUNS

See Appendix I,

COMPUTER _PROGRAM _LISTING

See Appendix III.
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APPENDIX 1

EXAMPLE RUN
SIMULATION OF BED REST
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TALOOS
ENTER UIERID/-FRAISWORD:
7

CDEZTROY UIERID/-PR.ZWORD ENTEY
eUNLIYAL 1100 OFERATING IYETEM VER, 31.244,.214C (RSl e
RN N D29 TO0T=0509=C s DES=-G03432410
DARTE: 030=7= TIME: 1507ge
CaADD THERM, LOADMHEW
FURFUR E7F1 FLTE=8 03-709-78 15:07:34

1 SYM

1 §vM

1 Svym

1 8vm

1 Svym

*QUTPUT INTEFFUFTe
¥4 0
1 3vm
>IXQT
150 CARDT FERD AT INPUT

soMODEL FOR FEGULHTION UF EFYTHROPOIESISee

EAFEFIMENTHL I[SR1AR WHNTEDT «Y-/M)

»Y

D0 vOU WISH THITRUCTIONME <y-sr
>Y

IATA CAN EBE ZELECTED FROM THE FOLLOWIMG ZTUDIES
1= EEDFEZT FLAIMA YOLUME (MORZEs 1983

2= BED REZT PLAIMH YOLUME <IDEALIZEID

= PED REEZT PLAIMA YVOLUME «BCM=JCHNSDM. 1976

4= BEDRELT HCT EFCM=_JOHMIONs 1378

= ALTITUDE HWYFPDAIA PLALZMA %OLUME (BULEFER.1973
e= JKYLAE 3 FLALIMY YOLUME
7= IEYLRE 3 mCT FERIFHEFAL?
S= IKYLAER 4 PLAIMA YOLUME
9= SFYLAHE 4 HCT (FERIFHEFRAL»
10= InPUT FPLAZNA YOLUME
11= INFUT FEFIFHERRL HEMARTIOCFIT

ENTEF EXFEFIMENTHL DATH CODE WHRNTED

21
L 00 3. 00 1.0 2.94 10,00 .99 27.00 .40 35,00 c.dn
-;:P;'l Un E.- ?[‘ E‘Ul l:”-' 3. ?U ':.“-'nl:lr:' 3 U3 .Ul:l QUU
- L]
L]
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APPENDIX T (Continued)

HAFD COPY WHNMTEDC(YsM) ...
M
'

DO YOU WISH TO PLOT BUFFERED DATR?  «Y/N CR)

v '

<eD

VERL

HARD COPY WANTED(YeMN> ...

>

s

GRAFPHIC DUTPUT cYoMe S) o TIME INTERVALS»START X JTOPXs (HEs 3F%. 00 ..

> 4,

RCY Y SCALE Ry 2MaFA, e FE, )
PLOT«YsMe S0 LOC HIGH LOW & oo

oM

BV ¥ SCALE (A« E5sF3, Us 2FB, ()
FPLOT«YeNs 20 LOC HIGH LOW cse

>

HCT Y SCALE (RS B Fa, U 2FE, )
PLOT‘V'H':) LDI:- HIGH LUN .-

>y 1. 49, 39.

PO2ZTIS ¥ SCALE (A4 25 F4, U 2FE,.
FLOT cYeNeld LOC HIGH LOW s4

>y 2. 24, 19,

PY Y SCALE (M 2 Fa, 0s2FE,
FLOTYamMe 20 LOC HIGH LOW oo

»Y 1« 3.1 2.1

I . Y SCARLE (Hes SXaF3,. UsFe, 0D
l-'LUT'?l'ON'S’ LDC HIGH LUb' - w

M :

P Y SCHLE (H4s 2 F4, Ds 2F6, O
PLOT(YyNe 2> LOC HIGH LOW see

M

ERY ¥ SCALE (Hs3xsFa, 0y 2Fe,
PLDT(Y’H.S) LU‘C HI':“H an -.aw

>N

GFAFHIC DUTFUT CVaMe SO TIME IMTERVALS s STARTXs STOF s (AEs 2FS. 0D, .

>

N

See Figure A-1

WIZH TO CONTINUET <ENTEF “"MEW"s "MOFE"0OF “STOP", )
>ETOP

A-1-2




APPENDIX 1 (Continued)

MO, DAYS WANTEDSPRINT STEFP

>10.'1-

INFUT WANTED CHANGEDs END

MAME  YARLUE

>TMAX 11,

g THMRY = 11.000 CHANGED FROM 11,000

>END

OUTPUT WANTED OF ZAMEs STOP

HHME

>:TOP
DO VOU WANT GRAFHIC IMITEAD OF TAHBULAR DUTFUTT VMO
>N

DAHVE RCY EBY HCT FOSTIS PV

D

00 2. 00 S.00 40, 00 20, ou 3,00 ga. 00
1.00 . 00 4.94 44, 0% 21.49¢ .54 g, 00
2. 00 2. 00 4,953 44, 0% 21.%e 2.93 e1.99%

3. 00 2. 00 4,53 44,12 21.%2 2.93 21.97
4.00 1.5%9 4.52 44,13 21.93 2.9 21.93
S.00 1,99 4.91 44.13 21.93 2.5 21.88
6. 00 1.%8 4.50 44,13 21.93 2.%1 &l.3¢e
7. 00 1.3 4.42 44.11 21.%2 2.91 21.7e
.00 1.37 4.47 44,03 21.% 2.90 21.89
.00 1.97 4.4¢ 44, 0 21.%e &e 50 gl.ec
10,00 1,95 4.45 44, 0% 21.%0 2.49 21.9%
v 11,00 1.99 4.44 43,97 &1.4v 2.49 21.4%

TVPE SHIFT=0UT <30 AND FETURN==>

A-1-3

F

ee. 00
2l.67
20,45
19,13
16, 01
17:10
16,39
19.84
15,41
15,09
14,24
14,508

ERY
1.00
.9
.82
.20
.30
.30
79
79
.80
.30
.80
-1
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10
11
12
13

14

16
17
18
19
20
21
22
23
24

25

Mnemonic

TMAX
TPNT

BF

RKC

EGAIN
PO2DMD
RCVO
VO20
BMOTIS
AOM

POZART
QO2TIS

PO2TIS
STEP
BV

RCV
HCT
PROD
RCD
DRIVE
SO2ART

SO2VEN
PO2VEN

C = Computed values

APPENDIX 11

Initial \
0,0
0.0
1.0
1.0
1.2

3.0

7. 6389E-06

(]
(=]

0 o

o 0 G

A-II-1

Definition

Time (mins. )
Maximum time (days)
Print Step (days)
Time Step {rnins, )

Renal blood flow (L/min)

Plasma volume (liters)

Rate Constant RC Destruction Rate

(I/min)
Not used

" "

Initial red cell volume (1)

Basal metabolic rate renal tissue (ml Oz/min)

Autonomic stim, effect on tissue 02
Utilization (Normalized)

P02 Arterial Blood (mm Hg)

02 Delivery Rate to Renal Tissue

(ml/min)

O, Tension Renal Tissue (mm !g)

2
Not Used

Blood Volume (liters)

Red Cell Volume (liters)

Hematocrit whole-body

Not used

Red Cell Destruction (1)

Not Used

O2 Saturation in A~teries (%)

O, Saturation in Veins (%)

2
Partial Pressure of O
(mm Hg)

2

in the Veins




39

40

43

4

45

46

C

Mnemonic

MO2ZTIS
P
VO2TIS
MCHC
CHBO2

RK

D
DATA
RCVL
RCVLO

opPT
X1

X2

Z
P50
DPG
Gl
G2
PO
Pl

EHL

Computed Values

APPENDIX 11 (Continued)

Initiul Value

20,0
22,0
320.0
3.75
1,34

(‘
22.0
0,0
0,0

0.0
3.0

9, H485

0,0

720, 0

A-11-2

Definition

Metabolic Tissue Rate (ml ()2 min)
Red Cell Production (ml/day)
Volume of 02 in Tissue (ml)
Mean Corpuscular Hq cone, (gm/1)

Carrying capacity of hemoglobin
{nl O, gm Hg)

Diffusion Constant

Red Cell Destruction (ml/day)
Internal switch

Red Cell Volume labeled (liters)

Initial Dose labeled Red Cell Volume
Change (liter)

Internal switch (not used)

Values of parameters during opti=
mization Var, 1

Values of parameters during opti-
mization Var, 2

Red Cell Production Delay Time
Const, (min,)

Partial pressure O @ 507 saturation
(mm Hg) B

Dummy variable for Py, shift due to
DPG

Sensitivity or gain of erythropoietin
releasing system to tissue pO

Sensitivity or gain of bone marrow to
plasma eryvthropoietin conc,

Basal red cell production rate
(normalized)

Control value of RC Prod. rate (normal

operating point) (normalized)

Erythropoietin half=life (min,)
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APPENDIX 11 (Continued)
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No, Mnemonic Initial Value Definition

48 ERYO 5L Initial value of Ep (normalized)

49 EPO 20, 09 Intercept (changes normal opera- |
ting point) |

50 ENIF 0.0 Erythropoietin infusion (x normal vol,)

51 FCELL 1,0 Ratio of peripheral HCT to whole=~
body HCT

52 DELTI 0.2 Parameter, optimization constant

53 DELTI 1.0 E06 " " "

5 sl .01 Not used

55 EPSI 10 E-08 Not used

56 DUM4 50 Not used

57 DK Not used

58 PO2N Tissue pO2 (normalized)

59 EP Erythropoietin production (nor-
malized)

60 ED 1. Erythropoietin Destruction
normalized)

61 ERY | Erythropoietin Concentration
(normalized)

62 RCPN 1 Gain of ervthropoietin on red
cell production (normalized)

63 RCP . 0000138 Red cell production (1/min)

64 RC PX Red cell production with time delay(l/min)

65 PRODX C Red cell production with time delay
(ml/day)

PRODZ - Nof used

67 RNVAR 150, No variables input/output

68 FLAG 0, Internal switeh (RCM data)

69 EXRCM o Experimental red cell mass

(liters)

C - Computed Values

A-11-3
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