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Summary

Background: Organ blood flow rates are useful in allometric scaling and for the application
of Physiologically Based Pharmacokinetic Modeling (PBPK). These models are typically
used for extrapolating pharmacokinetic data across different species, which has important
applications in drug discovery and safety assessment. Therefore, it is also essential to consider
the natural variability in the physiological parameters of animals.

The objective of this literature survey is to provide such data on how organ blood flow rates
can vary in our most common laboratory animals.

Method: A literature survey was done in scientific databases. Data on organ blood flow rates
were compiled from review articles and clinical studies. Primarily blood flow rates from
healthy, unaffected animals were included.

Since there is a great variation in measuring techniques, only the most commonly used
methods were included to ensure comparability of data across different studies.

Blood flow rates are presented in units of ml‘min”'. Recalculations were done whenever
necessary.

There is an inconsistency in nomenclature of organ blood flow rates, particularly of hepatic
and gastrointestinal blood flow rates.

Results: Blood flow rates from articles are compiled in the result section. Blood flow rates
from major organs and tissues from mouse, gerbil, hamster, rat, marmoset, guinea pig, rabbit,
Rhesus monkey, dog, pig, sheep and man are presented in Tables 1-12. Ranges of blood flow
rates are presented in Table 13.

Discussion: Since very few studies could be obtained on marmoset, gerbil and guinea pig
organ blood flow rates, more studies on these animals are needed. A greater variation of study
methods in other species is also desired. Studies on blood flow rates in both conscious and
anesthetized animals are needed because anesthetics are commonly used in many
pharmacological experiments.

A stringent evaluation of measuring technique is essential for assessment of the validity of
data. All studies have taken precautions to eliminate various sources of experimental error.
The microsphere technique is the most common method for measuring organ blood flow. The
technique may give misleading blood flow rates in smaller laboratory animals (mouse,
hamster) because of its invasiveness. Cannulation of two arteries and catheterization of the
heart may affect circulation in animals with smaller arteries.

Variability in organ blood flow rates originate from both biological variations within and
between individuals as well as from extrinsic variation due to protocol design, measuring
technique and data assessment.



Sammanfattning

Bakgrund: Organblodfléden kan anvindas vid allometric scaling och i Physiologically Based
Pharmakinetic Modeling (PBPK), som kan anvédndas for att extrapolera data fran ett djurslag
till ett annat. Det har viktiga applikationer inom toxikologiska studier av
lakemedelssubstanser och toxiner. For att resultatet frin modellerna ska vara sa
verklighetstrogna som mojligt dr det viktigt att ha den naturliga variabiliteten hos
forsoksdjuren i atanke.

Syftet med literaturstudien dr att ge en lattillgénglig sammanstillning av de viarden som
organblodfléden hos de vanligaste forsoksdjuren kan variera mellan.

Metod: En literatursokning genomfordes i vetenskapliga databaser. Fran sokresultaten
sammanstdlldes organblodflodesvérden fran review-artiklar och kliniska studier. Fran de
kliniska studierna anvéndes Baseline- eller kontrollvirden. Endast virden fran friska,
opéaverkade djur togs med.

Eftersom det finns viss variation i midtmedor som anvands 1 literaturen togs beslut att endast
inkludera de mer kdnda métmetoderna for att fa mer jamforbara vérden.

Blodflodesvirdena presenteras i enhet ml-min™.

Viss inkonsekvens rdder i nomenklaturen. Framforallt mag/tarmkanalen och leverns
blodflodesviarden namnges olika i olika studier. Vid tvekan uteldmnades oklart definerat
vérden frin studien.

Resultat: Blodflodesvirden fran samtliga utvalda artiklar ssmmanstélls under resultat.
Virden fran de storsta organ fran mus, gerbil, hamster, ratta, marmoset, marsvin, kanin,
rhesusapa, hund, gris, far och minniska presenteras i tabell 1 — 12. De funna intervallen
presenteras for alla djurslag i tabell 13.

Diskussion: Det hade varit 6nskvért att ha med fler studier som underlag for vissa av
djurslagen (marmoset, gerbil, marsvin). Det hade dven varit onskvért med storre variation 1
studiemetod hos andra djurslag, till exempel studier frén bade s6vda och vakna djur (hund).
Det ar viktigt att artiklarna har utvérderat sin métmetod for att eliminera felkéllor i métningen,
alla inkluderade artiklar har visat att deras métmetod ar tillforlitlig.

Microsphere-tekniken dr den vanligaste matmetoden bland de valda studierna. Hos riktigt sma
forsoksdjur (mus, hamster) kan man ifragasétta om inte matmetoden i sig paverkar de
fysiologiska blodflédena. Microsphere-tekniken medfor kanylsittning i tva artirer och
isdttning av hjéirtkateter vilket kan péverka cirkulationen hos djur med sma artérer.
Variationen hos de funna viardena grundar sig bade 1 biologisk variation i och mellan individer
och i variationen som kommer frén studieprotokoll, métteknik, tolkning och berékningar.



Introduction

Pharmacokinetics is the study of all steps from absorption to elimination of a foreign
substance in vivo. It can be paraphrased as what the body does to the drug. Knowledge of
pharmacokinetic parameters is crucial in safety studies, drug candidate selection or for an
optimal dose calculation. /n vivo data on absorption and elimination of a substance can be
applied to in silico models to predict the behavior of the substance in man. One of these
widely used models is physiologically based pharmacokinetic (PBPK) modeling. PBPK
modeling divides the animal model into actual realistic physiological compartments which
represents different organs and tissues. PBPK models require data on physiological
parameters for all compartments included in the system in order to accurately predict
substance behavior (Clewell and Clewell Iii, 2008). Organ blood flow rates are one of these
systemic-specific properties (Rowland et al., 2011).

Organ blood flow rates are also of interest in allometric scaling.

“Allometry (literally "of another measure’) describes the disproportionate changes in shape,
size or function that are observed when comparing separate isolated features in animals
spanning a range of body sizes” (Lindstedt and Schaeffer, 2002).

This means that in allometry one relates body weight to a physiological parameter such as
clearance or blood flow. The theory is that a physiological parameter Y often can be
expressed as a power function in the form

Y =axMP

where M is body mass, and a (intercept) and b (allometric coefficient) are parameters obtained
from empirical studies (Lindstedt and Schaeffer (2002), Upton (2008), Gabrielsson and
Hjorth (2012)). Organ blood flow rates from multiple animals can be analyzed with regression
analysis which gives the allometric coefficient for organ blood flow rates. Allometric
equations can predict physiological information in species from which data is difficult to
obtain. They can be used to extrapolate drug doses across different species.

While organ blood flow rates are abundant for the most common laboratory species, such data
is lacking for some of the new animal models. There is need for information on how blood
flow rates vary within and across species. In order to provide more accurate models, natural
variability in organ blood flow rates need to be considered.

The objective of this study is to provide accessible information on the naturally occurring
intervals of organ blood flow rates for the most commonly applied laboratory animals, such as
mouse, gerbil, hamster, rat, marmoset, guinea pig, rabbit, Rhesus monkey, dog, sheep and pig.

Material & methods

Literature search

A literature survey was done using the online databases PubMed, Web of Science, Scopus and
PrimateLit. The article and literature search function at the SLU library was also used. Search
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terms used were variations of “organ [or cardiac/hepatic/renal efc.] blood flow” AND [animal
species], which yielded the majority of articles reviewed. Another set of search terms that
proved successful were “Physiological parameters” AND [animal species]. In compliance
with the limited number of articles allowed, review articles have been used to a larger extent.
Gabrielsson and Hjorth (2012) was chosen as the basis of species, organs and rates to extend
upon.

Exclusion criteria for articles have been studies performed without control groups and studies
in which the animals had had any procedure done that would severely impact the
physiological state. Studies on prenatal and neonatal subjects were also excluded. However,
several articles in which the objective of the study has been to assess organ blood flow rates in
animals whose states differ from the normal state (e.g., pregnant females, animals in a resting
state) are included.

To avoid circular reference, studies cited in provided review articles have been omitted unless
specifically selected.

Units

Blood flow rates in this study have wherever feasible been presented as blood flow rate in the
unit mL-min”'. Values from these studies have been recalculated to mL-min" when presented.
Organ weights from Gabrielsson and Hjorth, 2012 have been used whenever missing in the
original publication. Data on skin weights of mice and rhesus monkey were taken from
Lindstedt and Schaeffer, 2002 and Lees et al., 1971 respectively.

When organ weights are difficult to estimate (e.g. skin and gut) organ blood flow rates are
retained and presented as mL-min”' -100 g tissue” for comparison.

Inconsistencies

Animal body weights varied across different publications. In species where the differences
found were noticeable, body weights are presented with organ blood flow rates. The effect on
body weight differences on organ blood flow rates are discussed further below.

Presented blood flow rates for skeletal muscle are inconsistent, sometimes referring to blood
flow in a specific skeletal muscle and sometimes to total skeletal muscle mass blood flow.
When encountered, muscle flow rates are converted to total muscle mass blood flow, or, when
impossible, omitted.

Adipose tissue demonstrates similar difficulties, sometimes being split into white and brown
adipose tissue. Only adipose tissue blood flow rates referring to total adipose tissue blood
flow have been included.

Gut blood flow rates are sometimes referred to as Gl-tract blood flow, or reported as separate
stomach and intestine blood flow rates. Gut and GI-tract are read interchangeable terms when
likely, while rates called splanchnic blood flow rates have been excluded.

Liver blood flow rates are sometimes referred to as hepatic artery and portal venous flow or
solely hepatic artery flow. This makes comparison more difficult. The rate has been omitted
when likely to refer solely to hepatic artery flow. Hepatic artery and portal blood flow rates
have been recalculated to total liver blood flow rate when available.



Assessment of organ and tissue perfusion rates

The selected studies span over decades. The earliest comes from 1968. Consequentially, the
available methods have evolved. Only studies using Rubidium injection, labeled butanol
injections or injection of radioactive microspheres have been included to eliminate sources of
error. Detailed description of the microsphere technique have been described elsewhere
(Reeves et al., 1988). Since multiple injections of microspheres have been linked to incorrect
measurement of splanchnic blood flow rates (Ishise et al., 1980), measurements from the first
injection have been chosen when applicable.

Review of literature

Review articles

Gabrielsson and Hjorth (2012) presented organ blood flow rates in the most common
laboratory animals (i.e. mouse, gerbil, hamster, guinea pig, rat, marmoset, rabbit, Rhesus
monkey, dog, mini pig and sheep) as a comparison with human data.

Three major review studies of Prothero (1982), Davies and Morris (1993) and Lindstedt and
Schaeffer (2002) presented organ blood flow rates of several laboratory animals.

Prothero presented liver blood flow rates in dog, rabbit and rat referring to 8, 4 and 3 studies
respectively. Studies on pregnant, juvenile, neutered or unhealthy animals were omitted from
the data collection.

Davies and Morris presented physiological values of mouse, rat, rabbit, dog, Rhesus monkey
and human. Values were gathered from studies with similar methodology. Alternative
references have been used for validation of data. Each blood flow rate is collected from two or
three studies.

Lindstedt and Schaeffer presented data of mouse, rat, dog and man. The values were
calculated from multiple references. Parameters were given as mL-min™ -100 g tissue™, with
organ weights also provided as g'kg' to compensate for values given in different formats
from a wide range of species.

Sheep and pig organ blood flow rates were compiled by Upton (2008) using a unit format of
mL'min”' -100 g tissue™.

Wyler et al. (1979) compiled values from previous studies on the organ blood flow rates of
dogs were presented in the discussion section. Values were presented in unit mL-min” 100 g
tissue™.

In a literature survey of physiologically based pharmacokinetic modelling Gerlowski and Jain
(1983) presented blood flow rates for mouse, rat, hamster, dog, rabbit as well as for an
unspecified primate strain.

Mouse

Organ blood flow rates in BALB/C mice were presented in Gjedde and Gjedde (1980). This
study is referenced in Lindstedt and Schaeffer (2002). The values are identical to those in
Gerlowski and Jain (1983). The method used was by simultaneous injection of labelled
butanol in the femoral vein and extraction of blood in the femoral artery.



A control group of 6 mice underwent a mock operation to mimic the trauma of In a clinical
study of the effects of trauma and hemorrhage on organ blood flow rates in mice (Wang et al.,
1993). Organ blood flow rates were presented in comparison to hemorrhaged and resuscitated
mice, as mL'min™' <100 g tissue™'. Measurements were made using the microsphere method.
An early study of the microsphere technique in mice yielded renal and hepatic blood flow
rates (Sarin et al., 1990).

In a similar study on the microsphere technique, cardiac output and regional blood flow rates
to major organs as well as skin and muscle was determined from conscious mice (Barbee et
al., 1992) (Table 1).

Table 1. Organ blood flow rates (mL- min™ in the mouse

Reference 1 2 3 4 5 6 7
Brain 0.46 047 - 0.39 0.31 - 0.56
Liver 1.80 - 1.10 0.95 3.50 2.60 -
Kidneys 1.30 2.06 0.80 0.42 2.72 2.50 1.79
Heart 0.28 093 0.28 - 0.63 - 1.15
Spleen 0.09 - 0.05 0.05 0.08 - -
Gut 1.50 - 0.90 - 2.03 - -
Muscle 0.91 2.14  0.50 - 2.76 - 1.95
B. Marrow 0.37 - 0.17 - - - -
Adipose tiss. - - - - - - -
Skin 0.41 0.86 - - 0.42 - 1.33

1 - Gabrielsson and Hjorth (2012), 2 - Lindstedt and Schaeffer (2002), 3 - Gerlowski
and Jain (1983), 4 - Gjedde and Gjedde (1980), 5 - Wang et al. (1993), 6 - Sarin et
al. (1990), 7 - Barbee et al. (1992)

Gerbil

Adult Mongolian gerbils were studied under anesthesia using a modified microsphere
technique (Matsumoto et al., 1982). Blood flow rates are presented for all major organs, as
well as bone and muscle (Table 2).



Table 2. Organ blood flow rates (mL- min™) in the gerbil

Reference 1
Brain 1.13
Liver 5.62
Kidneys 2.82
Heart 1.12
Spleen 0.07
Gut 3.58
Muscle 0.1
B. Marrow -
Adipose tiss. -
Skin -

1 - Matsumoto et al. (1982)

Hamster

Shoskenko (2004) presented values of organ blood flow rates on adult anesthetized hamsters
(Cricetus cricetus). The Rubidium method was used.

Wickler and Horwitz (1984) measured cardiac distribution in non-shivering thermogenesis
presents organ blood flow rates for a sedated healthy control group of Syrian hamster
(Mesocricetus auratus). The microsphere technique was used by injection in the left ventricle.
Both studies present rates in units of mL-min” -100 g or g tissue” (Table 3).

Table 3. Organ blood flow rates (mL- min™) in the hamster

Reference 1 2 3 4
Brain 1.45 - - -
Liver 6.50 6.50 4.62 -
Kidneys 6.20 527 7.84 13.82
Heart 1.40 0.14 0.20 2.23
Spleen 0.25 025 - -

Gut 5.30 - - -
Muscle 4.50 - 6.87 1.59
B. Marrow - - - -
Adipose tiss. 0.77 - - -
Skin - - 4,6)* (0.10)=

1 - Gabrielsson and Hjorth (2012), 2 - Gerlowski and
Jain (1983), 3 - Shoshenko (2004), 4 - Wickler and
Horwitz (1984)

* _unit mL- min™- 100 g tissue™

o - unit mL- min g tissue™



Rat

Ishise et al (1980) used the microsphere technique for conscious rat organ blood flow rates for
all major organ systems was measured in conscious rats.

Tsuchiya et al. (1978) measured blood flow rates in two groups of conscious rats.
Anesthetized rats were used as a control group in a study of traumatic head injury and organ
blood flow (Yuan et al., 1990). The blood flow rates for heart, liver, spleen and kidneys are
presented in mL-min” -100 g tissue™.

A study on thoracic epidural anesthesia had a control group of anesthetized rats with blood
flow rates of major organ groups presented in mL-min™ -100 g tissue™ (Schaeper e al., 2010).
In a study of aortic core temperature and its relation to organ blood flow rates in the rat blood
flow rates of the kidney, liver, Gl-tract, skin, muscle and fat were measured in healthy
anesthetized rats during their natural warming or cooling cycle (Closa et al., 1993).

The effect of food restriction on lactating rat dams was studied with a control group of
lactating (day 14 after parturition) female rats, yielding blood flow rates for kidney, liver and
Gl-tract (Sakanashi et al., 1987) (Table 4).

All studies used the microsphere method for measuring blood flow rates

Table 4. Organ blood flow rates (mL- min™) in the rat

Reference 1 2 3 4 5 6 7 8 9 10 11 12

Brain 1.3 07 - 1.0 1.7 1.9 1.5 - 34 - - -
Liver 13.8 - 194 - 193 189 185 - - 321 201 -
Kidneys 92 40 - 128 176 200 219 86 109 167 7.6 83
Heart 39 15 - 16 39 56 61 28 38 - - -
Spleen 0.6 - - 10 14 08 05 26 08 - - -
Gut 75 142 - 146 - - - - - - - 16.7
Muscle 75 72 - 224 28 06 08 - 96 189 75 -
B. Marrow - = - - - - - = - - - R
Adipose tiss 0.4 1.2 - 3.6 - - - - - - - -
Skin 58 21 - - 34 - - - - 85 37 -

Mean body weight in brackets

1 - Davies and Morris (1993) [250 g], 2 - Lindstedt and Schaeffer (2002) [345 g], 3 — Prothero (1982)
[245 g], 4 - Gerlowski and Jain (1983) [500 g], 5 - Ishise et al. (1980) [371 g], 6, 7 - Tsuchiya et al.
(1978) [473 g, 447 g], 8 - Yuan et al. (1990) [440 g], 9 - Schaeper et al. (2010) [320 g], 10 - Closa et
al. (1993) [warming, 185 g], 11 - Closa et al. (1993) [cooling, 185 g], 12 - Sakanashi et al. (1987)
[undisclosed weight]

Marmoset

Gabrielsson and Hjorth, 2012 presented the only Marmoset organ blood flow rates that could
be obtained (Table 5).



Table 5. Organ blood flow rates (mL- min™) in the marmoset

Reference 1
Brain 5.5
Liver 25
Kidneys 10.5
Heart 4.47
Spleen 0.72
Gut 13.6
Muscle 8.6
B. Marrow -
Adipose tiss. 0.46
Skin 6.6

1 - Gabrielsson and Hjorth (2012)

Guinea pig
Sjoquist et al. (1986) presented the baseline organ flow rates for anesthetized guinea pigs. The

microsphere technique was applied and the values were presented in units of mL-min™ -100 g
tissue” (Table 6).

Table 6. Organ blood flow rates (mL- min™) in the guinea pig

Reference 1 2
Brain 4.9 1.1
Liver 46.0 -
Kidneys 36.0 14.1
Heart 9.9 -
Spleen 39.0 -
Gut - -
Muscle - 12.8
B. Marrow - -
Adipose tiss. - -
Skin 29.0 33

1 - Gabrielsson and Hjorth (2012), 2
- Sjoquist et al. (1986)

Rabbit

A clinical study on unanasthetized rabbits using the microsphere technique reported major
organ blood flow rates as mL-min”' -100 g tissue” (Neutze et al., 1968).

Boerboom and Boelkins (1980) studied the effect of hyperbaric pressure and Helium-oxygen
exposure to conscious rabbits. Organ blood flow rates were measured in a control group. The
microsphere method was used, and values are presented as mL-min™ -100 g tissue™.



Reeves et al. (1988) compared organ blood flow rates in untreated versus saline-treated
conscious and unconscious rabbits using the microsphere technique. Organ blood flow rates
from the untreated conscious rabbits were presented as percentage of cardiac output.

Jones and Parker (1988) studied the organ blood flow rates of conscious lactating rabbits were
studied using the Rubidium technique (Table 7).

Table 7. Organ blood flow rates (mL- min™) in the rabbit

Reference 1 2 3 4 5 6 7
Brain - - - 11 11 - -
Liver 177 177 144 136 - 89 148
Kidneys 80 80 - 70 40 72 96
Heart 16 16 - 13 13 - 11
Spleen 9 9 - 9 4 1 -
Gut 111 111 - 111 - 62 202
Muscle 155 155 - 155 70 - -

B. Marrow 24 11 - - - - -
Adipose tiss. 32 - - (26,5)* - - -
Skin - - - (13.7)* - - -

1 - Gabrielsson and Hjorth (2012), 2 - Gerlowski and Jain (1983), 3 — Prothero (1982), 4 - Neutze et
al. (1968), 5 - Boerboom and Boelkins (1980), 6 - Reeves et al. (1988), 7 - Jones and Parker (1988)

* _ynit mL- min"- 100 g tissue™

Rhesus monkey

Organ blood flow rates from conscious restrained Rhesus monkeys were presented by Forsyth
et al. (1968).

A comparative study on Rhesus monkey organ blood flow in fetal, newborn and adult
subjects presented values for the major organs as a percentage of cardiac output (Behrman
and Lees, 1971).

A study on effects on regional blood flow rates on avoidance training presented baseline
values in units of mL-min' -100 g tissue” (Forsyth, 1971).

Blood flow rates were obtained from two separate groups of rthesus monkeys under epidural
anesthesia (Sivarajan et al., 1976).

In a similarly performed study on spinal anesthesia, organ blood flow rates of two groups of
rhesus monkeys were presented (Sivarajan et al., 1975).

Hypotension-inducing drugs were studied in monkeys (Sivarajan et al., 1985).

The units of blood flow rates were given as mL-min"-100 g tissue™ in studies by Sivarajan.
Values for organ blood flow from a control group of conscious rhesus monkeys were
presented in a study on halothane anesthesia (Lees et al., 1971). Values were presented as
mL'min”' -100 g tissue™.

All studies on rhesus monkeys used radioactive microsphere technique for measuring organ

blood flow rates (Table 8)
10



Table 8. Organ blood flow rates (mL- min™) in the Rhesus monkey

Reference 1 2 3 4 5 6 7 8 9 10 11
Brain 72 - 72 72 73 74 54 55 64 101 75
Liver 218 92 - 218 - 396 318 300 311 95 -
Kidneys 138 74 88 138 239 245 175 172 240 203 85
Heart 60 65 96 60 71 95 66 55 71 27 99
Spleen 21 - 33 21 22 - - - - - 3
Gut 125 75 77 126 200 - - - - - 75
Muscle 90 50 - - 675 - - = = = =

B. Marrow 51 23 - - = - - = 5 - -
Adipose tiss. 20 - - - - - - - - - -
Skin 54 - - 54 238 - - - - 129 53

Body weights in brackets

1 - Gabrielsson and Hjorth (2012) [5 kg], 2 - Gerlowski and Jain (1983) [5 kg], 3 - Behrman and Lees
(1971) [7,9 kg], 4 - Forsyth et al. (1968) [4,1 kg], 5 — Forsyth (1971) [3,8-4,7 kg], 6,7 - Sivarajan et al.
(1976) [3,9-7,4 kg], 8,9 - Sivarajan et al. (1975) [4,9-8,4 kg], 10 - Sivarajan et al. (1985) [5,6-7,1 kg],
11 - Lees et al. (1971) [undisclosed weight]

Dog

Zwissler et al. (1991) used the microsphere technique on anesthetized dogs.

Fan et al. (1979) studied shunting of blood flow rates by means of the microsphere technique
in anesthetized dogs.

Organ blood flow rates from anesthetized dogs during hypothermia were studied by
Kawashima et al. (1976).

The microsphere technique was used in all clinical studies. All organ blood flow rates were
presented in unit mL'min™ - g or 100 g tissue™.

Organ blood flow rates in dogs are presented in Table 9.
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Table 9. Organ blood flow rates (mL- min™) in the dog

Reference 1 2 3 4 5 6 7 8 9
Brain 45 48 - - - - 28 - 68
Liver 309 - 396 208 470 - - - -
Kidneys 216 365 - 180 180 90 105 216 318
Heart 54 147 - 80 80 60 72 - 122
Spleen 25 - - 20 20 14 15 37 25
Gut 216 - - - - 82 - - -
Muscle 250 511 - 414 874 138 460 - 400
B. Marrow 37 - - - - 20 - - -
Adipose tiss. 35 - - 2)* c0* - - - -
Skin 100 149 - (7* (7* - - - (6)*

Body weights in brackets

1 - Gabrielsson and Hjorth (2012) [10 kg], 2 - Lindstedt and Schaeffer (2002) [18 kg], 3 — Prothero
(1982) [10 kg], 4, 5 - Wyler et al. (1979) [undisclosed weight] — min (4) and max (5) values, 6 -
Gerlowski and Jain (1983) [12 kg], 7 - Zwissler et al. (1991) [19 kg], 8 - Fan et al. (1979) [20-25 kg],
9 - Kawashima et al. (1976) [14 kg]

* -unit mL- min-1- 100 g tissue-1

Mini pig
Data from resting, conscious standard pigs were presented in a study (Tranquilli et al., 1982).

Method of measurement was the microsphere technique. Organ blood flow rates were
presented in unit mL'min™' <100 g tissue™ (Table 10).

Table 10. Organ blood flow rates in the pig and mini pig (in mL- min™)

Reference 1 2 3 4
Brain 61 37 61 65
Liver 419 189 629 -
Kidneys 293 122 288 649
Heart 73 35 89 -
Spleen 34 23 - 235
Gut 293 132 - 937
Muscle 339 - 520 -

B. Marrow 50 - - -
Adipose tiss. 47 - 360 -
Skin 136 36 - -

Organ weights in brackets

1 - Gabrielsson and Hjorth (2012) [15 kg], 2 - Wyler et
al. (1979) [3 kg], 3 - Upton (2008) [25 kg], 4 -
Tranquilli ef al. (1982) [37.1 kg]
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Sheep

In a study comparing distribution of cardiac output in pregnant sheep, organ blood flow rates
from a control group of non-pregnant ewes and from ewes 140 days pregnant were presented
(Rosenfeld, 1977). The microsphere technique was applied (Table 11).

Table 11. Organ blood flow rates (mL- min™) in the sheep

Reference 1 2 3 4
Brain 150 57 56 42
Liver 1033 2581 - -
Kidneys 722 911 621 680
Heart 181 266 190 164
Spleen 84 210 195 203
Gut 722 1018 - -
Muscle 866 748 - -

B. Marrow - = - -
Adipose tiss. 117 454 - -
Skin 334 - - ,

Organ weights in brackets

1 - Gabrielsson and Hjorth (2012) [50 kg], 2 — Upton
(2008) [45 kg] 3 (non-pregnant), 4(pregnant) —
Rosenfeld (1977) [57 and 65 kg]

Human

Values for human organ blood flow were presented in Gabrielsson and Hjorth (2012) (Table
12).

Table 12. Organ blood flow rates (mL- min™) in man

Reference 1
Brain 700
Liver 1450
Kidneys 1240
Heart 240
Spleen 77
Gut 1100
Muscle 750
B. Marrow 270
Adipose tiss. 260
Skin 300

1 - Gabrielsson and Hjorth (2012)
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Summary

All data are presented as ranges including the highest and lowest reported literature values
and summarized in Table 13.

Discussion

General considerations

Relative values were recalculated to absolute organ blood flow rates for comparison in this
survey. The difference in weights across subjects in different studies may be a source for
variability.

The wvalidity of the microsphere technique is dependent on 1) adequate mixing of
microspheres in the vascular space; 2) non-entrapment of microspheres due to arterial-venous
shunts; 3) effects of the microsphere emboli on the systemic circulation (Kawashima et al.,
1976). Smaller animals may be more sensitive to the surgical stress caused by the microsphere
technique although specific precautions were taken in the studies.

Studies from both conscious and anesthetized animals are reported in this survey. Conscious
animals give a better picture of a normal physiological state. However, stress may confound
the true response. Stress symptoms might be avoided in anesthetized animal, but the impact of
the pharmacodynamic effects of the anesthetic must be considered. Ideally, all studies should
report values on both normal conscious and anesthetized states.

Variability

Variability in blood flow rates within the same species can be attributed to both intrinsic and
extrinsic factors. Intrinsic factors consist of biological variability within and between
individuals (Lindstedt and Schaeffer, 2002).

Individual internal factors vary with temperature, light, hormonal balance, pathological state,
age, nutritional status, reproductive status etc. Another important factor is sub-clinical
infections that may interfere with homeostasis.

Between individual variability is due to gender, age, genetics, clinical history, environmental
factors efc.

Extrinsic factors of variability are the different study protocols, surgical techniques,
measurement techniques and interpretation of data. Since organ blood flow requires a highly
technological and precise measurement (unlike for example organ weight), differences in
techniques might contribute to large between study variability (Lindstedt and Schaeffer,
2002).

Outlier values from studies have only been omitted when attributed to inconsistencies in
nomenclature, as discussed in methods.
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Table 13. Organ blood flow rates in mouse, gerbil, hamster, rat, marmoset, guinea pig, rabbit, Rhesus monkey, dog, mini pig and pig, sheep and man.

Blood flow Mouse Gerbil Hamster Rat Marmoset  Guinea pig Rabbit Rhesus Dog  Minipig  Sheep Human
rates 20 ¢ 67¢g 150 g 250 g 350¢g 850 g 2500 g monkey 10000g  /pig 50000 g 70 000 g

(mL-min™") 5000 g 15000 g
Brain 0.31-0-56 1.13 1.45 0.7-3.9 5.5 1.1-4.9 11 55-101 28-68 37-65  42-150 700
Liver 0.95-3.50 5.62 4.62-6.50 13.8-32.1 25.0 46.0 89-177 92-396 208-396  189-629 1033-2581 1450
Kidneys 0.80-2.72 2.82 5.27-13.82 4.0-21.9 10.5 14.1-36.0 40-96 74-245 90-365 122-649 621-911 1240
Heart 0.14-1.15 1.12 0.14-2.23 1.5-6.1 4.5 9.9 11-16 27-99 54-147 35-89  164-266 240
Spleen 0.05-0.09 0.07 0.25 0.5-2.6 0.7 39.0 1-9 3-33 14-37 23-235  84-210 77
Gut 0.90-1.50 3.58 5.30 7.5-16.2 13.6 - 62-202 75-200 82-216 132-937 722-1018 1100
Muscle 0.50-2.76 0.10 1.59-6.87 0.6-22.4 8.6 12.8 70-155 50-675 138-874  339-520 748-622 750
B. Marrow 0.17-0.37 - - - - - 11-24 23-51 20-37 50 - 270
Adipose - ; 0.77 0.4-3.6 0.5 ] 32 20 35 47360 117-454 260
tissue
Skin 0.41-1.33 - - 2.1-8.5 6.6 3.3-29.0 - 53-238 100-149  36-136 334 300
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Mouse

Small animal like mice are inherently difficult models for the application of the microsphere
measurement technique to because of their small structure and low plasma volume. Some
studies show that in order to provide an accurate measurement, at least 300 (or 400 according
to Barbee et all (1992), Wang et al, (1993)) microspheres need to be trapped in an individual
organ (Sarin et al., 1990). This makes measurement of organs with smaller mass, such as the
sex organs, more difficult. The method of injection of labelled butanol might therefore be
more applicable in small animals since the test method is less invasive. Venous injection and
arterial sampling are the only necessary invasive operations (Gjedde and Gjedde, 1980).
Cannulation of two arteries and placement of a catheter in or close to the heart is necessary in
the microsphere technique. The catheter diameter is insignificant compared to artery size in a
larger animal, while in a mouse the catheter might disturb circulation.

Adequate mixing of microspheres in vivo is crucial for reliable results. This might pose a
problem when injection is made into the carotid artery instead of the left ventricular chamber
of the heart or in the aortic arch (Sarin et al., 1990). However, this can be checked by
measuring radioactivity in symmetrical vascular spaces; the femoral arteries or the kidneys.
Control mice underwent a sham operation in addition to being put through an invasive
microsphere measurement technique (Wang et al.,, 1993). Blood flow rates obtained can be
questioned in terms of compliance with blood flow rates in the physiological state. The total
plasma volume in mice is limited to 8.0 ml and any traumatic surgery in addition to the blood
sampling for measuring may give unphysiological values. As the values from the study were
presented partially in graphs, this might be an additional source of error.

Gerbil

Gerbils are susceptible to cerebral ischemia when the carotid arteries are ligated, which
renders the usual method of cannulation of the carotid artery more unsafe. This led
Matsumoto et al (1982) to use a modified microsphere technique with microsphere injection
through cardiac puncture rather than arterial injection. Because of the need for cardiac
puncture, the animals are anesthetized with ketamine during blood flow measurements.
Matsumoto et al (1982) was the only source found for gerbil organ blood flow rates. The
study, while of high quality, only consists of 7 subjects. Further studies on organ blood flow
rates in the conscious gerbil are needed.

Hamster

Data of Shoshenko (2004) differ from data in review articles (Gabrielsson and Hjorth (2012),
Gerlowski and Jain (1983)). This might be due to the low number of subjects (n=2) or to the
difference in body mass between the animals used (760 g in Shoshenko (2004) and 150 g in
Gerlowski and Jain (1983)). The weights of the Syrian hamster were identical to those in the
review articles (Wickler and Horwitz, 1984).
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Rat

Closa et al. (1993) studied the natural variability of organ blood flow rates in rats under to
core temperature oscillations. The results demonstrated 1) that cardiac output was reduced
during the cooling phase and 2) a significant redistribution of cardiac output took place, with
brown adipose tissue, renal and skin blood flow rates decreasing. This is worth noting when
using rats as a model animal.

Organ blood flow rates from lactating rats were presented by Sakanashi et al. (1987). This
allowed one to observe the differences in the distribution of cardiac output in post-parturition
rats. Compared to other values obtained, gut blood flow rate increases in lactating rats.
However, a large portion of animals (20/25) were excluded from the study which casts a
shadow on the study as a whole.

Guinea Pig

All rates from Sjoquist et al. (1986) are lower than those found in Gabrielsson and Hjorth
(2012). Without knowing the sources used in the latter it is difficult to speculate why. The
need to convert the units used in Sjoquist et al (1986) to mL-min™ further complicates the
comparison since the organ weights comes out of Gabrielsson ef al (2013).

Marmoset

More studies on marmosets are necessary to evaluate the organ blood flow rates.

Rabbit

Many of the rates from the review studies are identical but no overlap in references has been
found in this survey. It is possible that a common source might be found when back-tracing
the references further.

Jones and Parker (1988) suggest that blood flow to the kidney is decreased in favor of
mammary blood flow in lactating rabbits. It is difficult to draw any conclusions from the
parameters collected in this survey, since overall cardiac output is increased in lactating
females. Thus, only comparison of renal blood flow rates as a fraction of cardiac output can
be assessed.

Rhesus Monkey

Rates from Gabrielsson and Hjorth (2012) and Forsyth et al. (1968) are identical except for
gut blood flow. Although the former is not mentioned as a reference, it is likely that the value
originates from this source and the differing value is an administrational error.

The spleen blood flow from Lees et al. (1971) is remarkably low (3 mL-min"). Animal
weight was undisclosed in Lees ef a/, 1971 and in Behrman and Lees (1971), study subjects
were noticeably heavier at 7.9 kg than the mean weights of the other studies.

Muscle blood flow from Forsyth et al. (1971) is remarkably high. Conversion to ml'min™ was
done using muscle weight from Gabrielsson and Hjorth (2012), and the difference in weights
between the subjects of the studies may account for some part in the stand out value, but is
probably not the complete answer.
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Dog

Intervals of hepatic and skeletal muscle blood flow rate intervals are presented in Wyler ef al.
(1979). The mean body weights of the subjects were not given and might be a source for
variability.

Fan et al. (1979) describe shunting as microspheres failing to get trapped in the tissue but
continue through the vascular circulation, leading to underestimation of organ blood flow. 15-
um spheres have a lower tendency to shunting than 9-um spheres and were therefore chosen
to be included in this survey.

All studies included have been carried out in anesthetized dogs. Further studies on conscious
dogs are needed.

Mini pig and pig

Two studies utilize mini pigs (3-15 kg), and another two regular pigs (25-37.1 kg). This
makes comparison more difficult because body weights differ greatly and there is also a
possibility that there could be considerable metabolic differences between the two strains. The
blood flow rates through fat and skeletal muscle tissue in the standard pig (Upton, 2008)
differ greatly from those of the mini pig (Gabrielsson and Hjorth, 2012). The blood flow rates
(apart from brain blood flow) from Tranquilli et al. (1982) stand out considerably, which a
higher weight of participating pigs only partially account for.

The mini pigs studied by Wyler ef al. (1979) are juvenile and weigh less than mini pigs in
Gabrielsson and Hjorth (2012). Mini pigs of the latter are 5 times heavier (3 kg) than the
former (15 kg), which needs to be considered.

Sheep

As discussed previously, comparison between pregnant and non-pregnant individuals is
difficult since pregnancy changes both cardiac output and its distribution (Rosenfeld, 1977).

Conclusion

Blood flow rates were obtained from review articles and clinical studies on 11 species of
laboratory animals. Maximum and minimum organ and tissue blood flow rates are presented
in Table 13.

The variability reflects both the biological variability caused by difference within and
between subjects, but also the variability caused by differences in techniques and study
protocols. It is important to consider natural variability when applying in vivo data to in silico
models.
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