HST 583 - Fall 2004

RESPIRATORY & CIRCULATORY PHYSIOLOGY FOR BRAIN IMAGERS
Robert Banzett PhD  Associate Prof, Physiology Program, Harvard School of Public Health

I. Overview of physiologic events in active brain tissue that could be detected in functional imaging

A. Electrical activity

1. Action potentials in axons/soma

2. Graded potentials in dendrites/soma

B. Synaptic activity

1. Transmitters 

C. Metabolic activity

1. Substrates 

a. Glucose

b. O2 (note importance to BOLD)

2. Waste products

a. CO2 

D. Increased blood flow (note importance to BOLD, ASL)

II. Reason to know physiology:  Relationship between global physiological changes and fMRI signals

A. “artifact” & phys noise

B. learn broad principles to then apply specifically to cerebral circulation & gas exchange

III. Basic Physiologic Physics concepts

A. Kinds of transport

1. Bulk (convective) flow

a. Powered by heart muscle or respiratory muscles

b. Effective over long distance

c. Distribution can be controlled

2. Diffusive transport

a. Driven by concentration gradients

b. Loading and unloading at capillary beds

c. Distribution not controlled -- governed by concentration gradients

d. Distinction between net flux and gross flux (crucial to thinking about tracer expts like H215O PET and ASL fMRI)

B. Partial Pressure

1. Each gas in a mix exerts pressure independent of others

2. Partial pressure = fractional concentration x barometric pressure

PCO2  = FCO2  x PB
where P is pressure, F is fraction, PB is barometric (ambient) pressure

3. Partial pressure gradient drives diffusion (essential to use partial pressure rather than percent when considering diffusion between two media having different specific capacitance, e.g., air and blood)

C. Pressure - Flow - Volume Relationships

1. Resistance

a. Ohm’s Law Relationship of flow to resistance and driving pressure

flow = (PU-PD)/R

where PU=upstream pressure, PD=downstream pressure, R=resistance

b. Relationship of resistance to tube size
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    Poiseuille’s Law  -- laminar flow in long tubes

where r = radius; L = length,  = viscosity

2. Relation between volume and pressure in elastic structures

C=V/P  or   E=P/V

3. Time constant

 = RC

D. Fick's Law of diffusion
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where A=area, x=distance, C=concentration (or partial pressure), and D=diffusion coefficient (characteristic of molecule & medium)

Adolf Eugene Fick (German physiologist1831-1879)  Fick enjoyed mathematics during his secondary schooling, and intended to make it his career. However, an older brother, a professor of anatomy, persuaded him to switch to medicine.  (Today he would enter HST!)  In addition to his well known mathematical analyses of diffusion (Fick's Law) and of mass balance in oxygen consumption (Fick Principle see below), he also studied hemodynamics and muscle function, and was a leader in contact lens research! (who knew?)

E. Some abbreviations

Respiratory and cardiovascular physiologists traditionally measure pressure in units of the height of a column of liquid (mercury or water) that would exert that pressure in gravity field at earth's surface.  Physicists and engineers usually use units of force per area (psi or kPa)

1 Torr = 1 mmHg = 0.133 kPa




1 cmH2O = 0.736 Torr = 0.098 kPa




1 standard atmosphere (1 Bar) = 760 Torr = 1033 cmH2O = 101 kPa = 14.7 psi

P means pressure, V means volume

Subscripts:  B is barometric, A is Alveolar,  a is arterial,  v is venous, I is inspired, E is expired, ET is end-tidal

Dot over letter (V() means rate (i.e., per second or per minute) V( or Q(  = flow

C = compliance ; E = elastance, R = resistance; r = radius
; L = length,  = viscosity;  = density

IV. Cardiovascular physiology 

A. Plan of the Circulation  

1. Two circulations in series, pulmonary (right) systemic (left)

a.  Two pumps (right and left heart)

b.  Two capillary beds -- 

i. in systemic bed, blood delivers O2, picks up CO2 

in pulmonary it picks up O2, loses CO2  (pulmonary veins contain 'arterial blood')

2. Systemic circulation comprises many parallel circuits

a. Allows distribution of flow where needed

i. Flow controlled by resistance changes ‑ main control sites: arterioles, precapillary sphincters

ii. Arterial pressure is regulated (100 mm Hg mean)

3. Pulmonary circulation

a. Entire cardiac output passes through lungs

B. The Vascular System

1.   Arterial tree ‑ conducts blood away from heart, to tissues

a.   Large arteries  (25mm - 2mm diameter) --  pressure reservoir,

i. Thick‑walled, elastic, not much muscle (note exception in brain)

ii. Contain a very small fraction of total blood volume

iii. Relatively low compliance

iv. Pressure drops from 100 to 97 torr (mmHg) (i.e., resistance less than 1 torr per liter per min)

b. Arterioles  (approx 7micron dia, 3mm long) ‑ flow and pressure control

i. Muscular walls, diameter can be actively varied

ii. Contain a small fraction of total blood volume

iii. Chief site of resistance and resistance changes

 more than 1/2 of total resist (but note exception in brain)

 Distribution control 

 Pressure drops from 97 to 30 torr (i.e., resistance approx 13 torr per liter per min) (but note exception in brain)

2.  Capillaries (7 micron diameter, 1mm long) ‑ exchange site for gases, solutes, liquid

a. Characteristics

i.   wall comprises one layer of endothelium: Thin diffusion barrier -- fraction of a micron

ii.   run within a few cells of anywhere

iii.   contain 5% of blood volume

iv. compliance is high (combination of distention and recruitment)

v.   total cross sectional area hundreds of times aorta

vi.   Pressure drops from 30 to 15 torr (i.e., resistance approx 3 torr per liter per min)

3. Venous Tree ‑ conducts blood back to heart, volume reservoir 60% of blood is in systemic veins

a.   Venules & small veins‑ 

i.   collection

ii.   thin walled

iii.   pressure drops from 15 to 5 torr (i.e., resistance approx 2 torr per liter per min)

iv. Local volume changes consequent to flow – when arterioles dilate,  pressure increases downstream, thus these compliant structures will be expanded

b.   Veins, Great Veins ‑ 

i.   muscular (thin) walls, large diameter

ii.   venous tone controls filling pressure thus helps control SV

iii.   pressure drops from 5 to 4 torr (i.e., resistance approx 0.2 torr per liter per min)

iv.   one way valves -- the muscle pump,   Harvey's skin vein experiment

C. Regulation And Control In The CV System

1. Control of blood flow in individual vascular beds to meet local metabolic demand

a. Arterioles dilated by local factors such as hypoxia, H+, CO2 , adenosine, K+ from AP, etc.  In glands, bradykinin also. Some of these may act through NO.

b. Relative importance among these factors varies in different organs. Below we will cover those important to control of cerebral blood flow, Rick will go into more detail

2. Arterial Blood Pressure (i.e., pressure upstream of arterioles) is regulated

a. normal mean pressure is 100 torr

b. reflexes adjust cardiac output to maintain pressure as demand for flow changes

c. other factors may alter pressure (emotion, posture, drugs)

V. Transport of O2 and CO2 in the blood

A. Blood Components

(Blood comprises two components, liquid (plasma), and cellular (RBC, WBC, platelets)

1.   Blood cells (< 1/2 of blood volume) 

a.   Red Blood Cells (RBC or Erythrocytes)  one type

i.   42-45% of volume in humans (defined as 'hematocrit')  -- 5 x 109 RBC per ml of blood

ii.   Biconcave discs 7 microns in diameter (large surface and easily deformed)

iii.   Packed with hemoglobin (Hb) to carry O2 and CO2  (15g Hb per 100cc blood - 50% of body iron)

b. White Blood Cells & Platelets - not important here

2. Plasma 

a.   Water -- 93% by weight

b.   Proteins -- 7 % by weight 

c. Gasses

d. Other stuff (Electrolytes, Nutrients, Wastes, Hormones, etc)

B. Dissociation curves

1. Oxygen (see figure at end of notes)

a. O2 capacity saturates at PO2 of normal arterial blood

b. 99% of O2 in arterial blood is bound to hemoglobin 

c. 0.003 ml O2 is dissolved per 100torr PO2 therefore breathing 100% O2 increases arterial O2 very little

d. rise in CO2 or temperature or H+ concentration reduces binding of O2 slightly 

2. Carbon Dioxide (see figure at end of notes)

a. Capacitance for CO2 does not saturate and is much greater than for O2 

b. Does not saturate in physiologic range

c. CO2 is carried in 3 major forms

i. dissolved as molecular CO2 






(10% of total)

ii. as bicarbonate ion         CO2 + H2O ( H2CO3 ( HCO3— + H+  

(60% of total)

iii. as carbamino compounds (bound to Hb)         



(30% of total)

 rise in O2 reduces binding of CO2 slightly

VI. Gas exchange at the capillary

A. Fick Principle

1. V(O2 = C.O. (CaO2 - CvO2 ) 
where C.O. is cardiac output; Ca, Cv are arterial & venous content  'FICK Principal (also applies to CO2 glucose, or whatever)

a. V(O2 of 70kg human is about 250 ml/min

b. C.O.  is about 5 liters/min 

c. CaO2 is normally 0.2 ml O2 per ml blood, mixed venous CvO2 is about 0.15

2. Fick applied to brain V(O2 =Q(  (CaO2 - CvO2 ) 
where Q(  is blood flow; Ca, Cv are arterial & venous content  

a. V(O2  of 1500g human brain is about 50 ml/min

b. Q( is about 700ml/min 

c. CaO2 is normally 0.2ml O2 per ml blood, CvO2 of brain is about 0.13

d. brain weight is 1500gm or 2% BW, brain V(O2 is 20% whole body V(O2  (up to 50% in 0-10 yr olds) B3 calculates from these figures 700ml/min CBF  (14% of C.O.)  or 0.47ml/min/gram of brain

B. Gas profiles along the capillary

1. Upstream end of capillary has gas levels equal to arterial blood (usual: PaCO2 = 40, PaO2 = 100)

2. O2 falls and CO2 rises along capillary, the final values being determined by metabolic rate and flow (Fick principle).  (diagram of axial O2 and CO2 profiles)

3. Increased local O2 needs are met by a combination of increase in flow and increase in O2 extraction 

a. O2 extraction is normally reflected in changes in venous PO2 , because arterial PO2 is normally constant due to regulation by the respiratory system.

b. Brain seems to be unusual: when local demand increases, O2 extraction actually falls (venous PO2 rises) because flow is increased more than necessary to meet demand.

VII. Breathing – transport of CO2 and O2  from the room to the blood

(note: normal average values are shown following most equations)

A. The lung & ventilation

1. Lung volumes (values are gender, age, size, and smoking history dependent)

a. Biggest breath you can take is about 4.5 liters

b. Average breath at rest is 0.5 liters (VT or tidal volume) (2.5 liters remains in lung at the end of a normal expiration (EEV or FRC)

c. At rest people breathe about 12-20 times per minute

2. Concept of minute ventilation V(E = VT x f      7 lit/min = 0.5 lit x 15 breaths/min
where VT is amount of air in one breath, f is respiratory frequency.

a. When a respiratory physiologist asks "how much was she breathing?" V(E  is a much better number to give than f

i. One can achieve V(E of 7 lit/min with 2 breaths of 3.5 liters or with 35 breaths of 0.2 liters

b. Maximum ventilation in exercise is about 10X resting
Maximum voluntary ventilation is about 20X resting

3. Concept of dead space volume and alveolar ventilation

a. Alveoli – gas exchange unit (air is brought within microns of capillary blood)

b. Conducting airways (essentially no gas exchange due to thick walls, low blood flow)

c. deadspace volume can be measured or estimated from body height and weight (150ml 'normal')

d. V(A = (VT - VDS ) x f       5 lit/min = (.5 lit - .15 lit) 15 breaths/min

e. V(A is an even better number to give your friendly (but demanding) physiologist, because it is most directly related to gas exchange.  
if VT = 3.5 lit. and f = 2, V(A = 6.6 lit/min;   if VT = 0.2 and f = 35, V(A = 1.75

f. Equivalence of end-tidal PCO2 with alveolar PCO2 and arterial PCO2  

B. Alveolar gas equations

1. Equations for O2 and CO2 

V(O2 = V(A ( FIO2 - FEO2 )  .3=5(.21-.15)                 V(CO2 = V(A (FECO2 - FICO2 )

Note usual FI values are those of air  (78.1% N2 , 20.9% O2 , 0.9% Ar, 0.03% CO2)

2. Amount of O2 consumed per minute, V(O2 , and CO2 produced per min, V(CO2 , are set by metabolic demand, not by respiratory system

3. in steady state, usually about 0.8 liters of CO2 is produced from 1 liter of O2 - range from .7 (burning fat to 1 burning carbs).  In unsteady state V(CO2 can vary greatly due to gain or loss from body stores of CO2 , which are huge compared to O2 stores.

VIII. Basic respiratory motor control 
(respiration is, I think, unique in having a completely automatic motor control as well as completely voluntary motor control)

A. Respiratory muscles

1. Skeletal muscles -- require neural drive (not autorhythmic)

B. Kinds of breathing

1.  ‘Automatic breathing’ or 'Spontaneous breathing' 

a. occurs during sleep, anesthesia, and probably most of waking hours

i. Negative feedback chemoreceptor systems exist to regulate arterial PCO2 and arterial PO2 .  

 The gain of these systems is such that CO2 is more tightly regulated (but this has the effect of keeping PO2 nearly constant as well).

ii. Other, less important, mechanoreceptor feedback systems assist chemoreceptor systems.

2. Voluntary breathing

a. Learned voluntary breathing patterns are used in speech

b. subjects can do complex tracking tasks with breathing muscles

3. Behavioral breathing 

a. involuntary changes in breathing are driven by emotion, body temperature, and other inputs 

b. e.g., hyperventilation (breathing more than needed for CO2 exchange) is common in stressful situations.  

c. Probably very common in scanner subjects.
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TEXTS

Any good textbook of medical physiology will cover most of this material.

Human Physiology: The Mechanisms of Body Function, Arthur Vander, James Sherman, Dorothy Lucian 864 pages 8th edition Book&CDROM (2000) Amazon Price: $119.45 McGraw-Hill Higher Education; ISBN: 0072378441

This is a readable and reliable text covering all systems -- We have used it for years in my department.
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Figure:  O2 and CO2 dissociation curves for whole blood.  Normal arterial and venous values at rest are marked with a and v
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