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The Runner’s Clinic

The Science of Running
Cardiovascular Factors

Cardiac output & blood flow (central factors)

• Cardiac output dependent on:
•heart rate (HR) 

•stroke volume (SV)
• venous return

• heart contractility

• amount of pressure in left ventricle (preload) 

• amount of pressure in aorta (afterload)

• size of left ventricle 

The Science of Running
Cardiovascular Factors

Blood flow dependent on: 
• redistribution of blood away from other tissues & to active 

muscles
• resistance of blood flow through blood vessels
• adequate dilation of blood vessels, which depends on interplay 

between sympathetic & parasympathetic nervous systems & 
associated hormones

• O2 transport capacity of blood, which is determined by red 
blood cell volume & amount of hemoglobin, which transports O2

in blood
• amount of myoglobin, which transports O2 in muscles
• density & volume of capillaries that perfuse muscle fibers, which 

determines time available for diffusion into muscle mitochondria

Men have greater cardiovascular endurance than do women because they 
have greater SV & CO to send more blood & O2 to muscles & more 
hemoglobin in their blood to transport O2.

The Science of Running
Muscular Factors

• Extraction & use of O2 by muscles (peripheral factors) 
• Dependent on mitochondrial & capillary volumes & 

enzyme activity.
• Reflected by difference in amount of O2 going to 

muscles through arterial circulation & amount 
coming out through venous circulation (a-v O2

difference). 
• a-v O2 difference determined by convection of O2

through muscle capillaries and its diffusion from 
capillaries to mitochondria.  

• Together, CO & a-v O2 difference determine oxygen 
consumption (VO2).

Fick Equation

Central factors

Peripheral factors

VO2 =  SV x HR  x  (a-v O2 difference) 

VO2 =  CO  x  (a-v O2 difference)

VO2max, the maximum volume of O2 that your 
muscles can consume per minute, occurs when SV, 
HR (and therefore cardiac output), & a-v O2

difference are at maximum. 

The Science of Running
Muscular Factors

In 1930, David Dill & his colleagues at the 
Harvard Fatigue Laboratory were among 
the first physiologists to suggest that there 
are marked differences in the amount of 
O2 different people use when running at 
the same speeds, and that these 
differences in “economy” of O2 use is a 
major factor explaining differences in 
endurance performance. 



©2011 Dr. Jason Karp. All rights reserved.

The Science of Running
Muscular Factors

If two people have same VO2max, but Jack uses 70% & Martin 
uses 80% of that VO2max while running at 7:00 pace, the run 
feels easier for Jack because Jack is more economical.  
Therefore, Jack can run at faster speed before feeling same 
amount of fatigue as Martin.

Running economy is the oxygen consumption (VO2) used to 
maintain a specific running speed. 
• biomechanics & motor unit recruitment
• proportion of slow-twitch muscle fibers
• capillary & mitochondrial density 
• body weight
• ability of tendons to store & utilize elastic energy with  

each step
Lactate

When pyruvate is converted 
to lactate, metabolites 
accumulate & acidosis 
develops, causing muscles to 
fatigue & speed to decrease.

The Science of Running
Metabolic Factors — Lactate Threshold

• Slowest speed at which aerobic metabolism (Krebs cycle & 
electron transport chain) can’t keep up with production of 
pyruvate from glycolysis.

• Fastest speed above which lactate production begins to exceed 
its removal, with blood lactate concentration beginning to 
increase exponentially.

• Represents transition between running that generates energy 
almost purely aerobically & running that includes energy from 
both aerobic & O2-independent (anaerobic) metabolism. 

• LT is an important determinant of marathon performance since 
it represents the fastest speed that can be sustained 
aerobically.

• As speed increases up to LT, contribution from fat decreases & 
contribution from CHO increases; above LT, only CHO.

The Science of Running
The 3 Players of Distance Running
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Concept #1

To run fast, you must first spend 
a lot of time running slow.

It is first and foremost the volume of training the 
runner performs that induces the biological signal 
for adaptation and dictates the performance 
capacity. 

Concept #2

Easy runs must be easy.

The single biggest mistake runners make is running 
too fast on easy days.  By doing so, you add 
unnecessary stress to your legs without any extra 
benefit and you won’t be able to run as much 
quality on your harder days.  Slowing down the 
easy runs has at least 3 benefits: (1) it decreases 
the chance of injury, (2) it allows you to get more 
out of your harder days because there will be less 
residual fatigue, and (3) it allows you to increase 
your overall weekly mileage.  
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Concept #3

Train to your strengths.

While improving your weaknesses will make you 
more successful, focusing on your strengths will 
ultimately lead to the best result.  Therefore, your 
training should always be skewed in favor of what 
you are naturally good at. 

Concept #4

There are identifiable predictors of injury.

Low Energy (Caloric) Availability

Female Athlete Triad

Previous Injury

Large Increases in Training Load 

Strength Imbalances

Lack of Running Experience

Inappropriate Running Shoes

Concept #5
Run the first half to two-thirds of a race with 
your head and the last third to half with your 
heart. 

Runners are often emotional (and sometimes just 
plain stupid) at the start of a race, but running with 
one’s emotions in the beginning rarely works in a 
race.  There’s a time and a place for emotions and 
heart, but it’s not in the first mile. 

How do How do you become a better runner?you become a better runner?

Correct running technique

Mileage

Long runs

Lactate (acidosis) threshold runs

VO2max intervals

Anaerobic capacity intervals

Mileage

• Improve blood vessels’ O2-carrying capability by 
increasing number of red blood cells & hemoglobin

• Stimulate storage of more fuel (glycogen) in muscles

• Increase use of intramuscular fat to spare glycogen

• Create greater capillary network for more rapid 
diffusion of O2

• Increase mitochondrial density & number of aerobic 
enzymes

• Improve running economy

Number of miles (or time) run each week is the most 
important part of endurance training.  

Long Runs

• Deplete muscle glycogen to stimulate 
greater synthesis & storage

• Stimulate reliance on fat

• Shouldn’t comprise more than about 1/3 of 
weekly mileage.

• Comfortable pace (~2 min/mile slower than 
5K race pace; ~70-75% of max heart rate).

• Since recovery is closely linked to 
replenishment of carbohydrates, consume 
carbs immediately afterward.
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Lactate Threshold Runs

• Increase speed at which lactate accumulates 
& acidosis occurs, enabling you to run at 
higher % VO2max for longer time

• increasing LT pace allows you to run faster 
before you fatigue because it allows you to 
run faster before O2-independent 
metabolism begins to play significant role

• makes what was an anaerobic intensity 
before now high aerobic 

• Increase ability to sustain as high of a fraction 
of LT as possible

LT Pace

• Slower/recreational runners: 

• 10-15 sec/mile slower than 5K race pace (or 
~10K race pace)

• 75-80% max HR

• Highly-trained/competitive runners:

• 25-30 sec/mile slower than 5K race pace (or 
15-20 sec/mile slower than 10K race pace)

• 85-90% max HR

• Subjectively feel “comfortably hard”

LT Workouts

Continuous LT Runs
3-4 miles up to 7-8 miles (or ~45 min)

LT Intervals 
intervals @ LT pace with short rest periods
4 x 1 mile @ LT pace w/ 1 min rest

LT+ Intervals
short intervals @ slightly faster than LT pace with very short 
rest periods
2 sets of 4 x 1,000 meters @ 10 sec/mile faster than LT pace 
w/ 45 sec rest & 2 min rest between sets

LT/LSD Combo Run
medium-long runs with portion @ LT pace
12-16 miles w/ last 2-4 miles @ LT pace 
2 miles + 3 miles @ LT pace + 6 miles + 3 miles @ LT pace 

VO2max Intervals

• Increase max SV, max CO, & VO2max
• the higher the VO2max, the higher the aerobic 

ceiling 

• 3-5 min work periods with 1:≤1 work-to-rest 
ratio

• (short intervals with very short, active 
recovery periods)

Provides greatest cardiovascular load 
because you repeatedly reach & sustain 
maximum stroke volume, cardiac output, 
& VO2max during work periods.

Work Periods

VO2 

(HR)

VO2max 
(HRmax)

Recovery Periods

Reps

VO2max Pace

• Running speed that elicits VO2max

• Fastest speed that can be 
maintained for ~7-10 min

• 95-100% max HR 

• Slower/recreational runners: 
• 1- to 1½-mile race pace 

• Highly-trained/competitive runners:
• 3K (2-mile) race pace
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• 4 x 1,000 meters @ VO2max pace w/ 1:≤1 work:rest ratio 
• 6 x 800 meters @ VO2max pace w/ 1:≤1 work:rest ratio 
• 16 x 400 meters @ VO2max pace w/ 1:<1 work:rest ratio

If you can run 1½ miles in 10:00 (= 6:40 mile pace):
• 4 x 1,000 meters in 4:10 w/ 3:00 jog recovery
• 6 x 800 meters in 3:20 w/ 2:30-3:00 jog recovery
• 16 x 400 meters in 1:40 w/ :50 jog recovery

VO2max Interval Workouts

Although tempting to run faster when intervals are shorter, pace
should be same for all 3 workouts since goal is same—to improve 
VO2max.  As you progress, make workouts harder by adding 
more reps or decreasing recovery period rather than by running 
faster.  Only increase speed of intervals once races have shown 
that you are indeed faster.  

• Intervals from 45 seconds to ~2 min (300-800 meters) 
w/ either short or long recovery

• short recovery keeps acidosis level high throughout 
workout

• long recovery allows for even greater degree of 
acidosis 

Anaerobic Capacity Intervals

Workouts that use anaerobic glycolysis as 
predominant energy system and repeatedly 
cause acidosis to improve acidosis tolerance, 
muscle buffering capacity, and anaerobic 
capacity.

• 6-8 x 400 meters @ mile race pace w/1:1 work:rest 
ratio

• 2 sets of 400/800/400 meters @ mile race pace 
with 1:00 recovery & 5:00 recovery between sets

• 2 sets of 5 x 300 meters @ 800-meter race pace 
w/1:2 work:rest ratio & 5:00 recovery between 
sets

Anaerobic Capacity Interval 
Workouts

• Increase muscle power 
production

• Recruit fast-twitch motor 
units

Mid- to late-
competitive phase

Close to top 
speed

N/AVery short intervals 
(5-15 sec) w/2-5 
min rest

ATP-CP 
(Phosphagen) 
System

• Improve anaerobic 
endurance

• Improve muscles’ ability 
to tolerate and buffer 
muscle acidosis

Mid- to late-
competitive phase

Mile race pace 
or slightly 
faster

N/AShort intervals (45-
90 sec) w/1:2 
work:rest ratio

Anaerobic 
Glycolysis 

• Improve VO2max
• Increase stroke volume & 

cardiac output

Early to mid-
competitive phase

1.5- to 2-mile 
race pace 

95-100%Long intervals (3-5 
min) w/1:<1 
work:rest ratio

Aerobic Power 
(VO2max)

• Improve lactate threshold
• Elevate intensity of 

running at which person 
begins to fatigue

Late base 
phase/early 
competitive phase

20-25 sec/mile 
slower than 5K 
race pace or 
10-15 sec/mile 
slower than 
10K race pace

80-90%• 20-minute tempo 
run @ LT pace

• 4 x 1 mile (5-8 
min) @ LT pace 
w/1 min rest

Acidosis (Lactate)
Threshold 

• Increase mitochondrial & 
capillary density

• Increase aerobic enzyme 
activity

• Increase blood volume
• Improve running 

economy

Base 
phase/preseason 
& during entire 
training year as 
recovery days 
between harder 
workouts

1.5 to 2 
min/mile 
slower than 5K 
race pace

70-75%Easy running, 
cycling, etc.: 30-90 
min

Aerobic Capacity 
(Endurance)

PurposesTime of YearPaceHeart Rate 
(% max)

Example of 
Workout

Type of 
Training

How Not to Get Injured While 
Training

• Increase mileage by no more than 1 mile/day/week. If 
you currently run 20 miles in 4 days/week, run no more 
than 24 miles next week by adding 1 mile to each of the 4 
days. Do not run 24 miles next week by adding all 4 miles 
to only 1 day of running. Highly-trained runners can get 
away with adding more miles more quickly, especially if 
they have experience running more miles.

• Run same mileage for 3-4 weeks before increasing 
it. Give legs a chance to adapt to each level of running 
before increasing the level.

• Back off training by about 1/3 for 1 recovery week before 
increasing training load. If you have been running 30 
miles/week for 3 weeks, back off to 20 miles for 1 week 
before increasing above 30 miles for next week.

How Not to Get Injured While 
Training

• Never increase volume & intensity at same 
time. When you begin to include speedwork, either 
drop overall mileage for week or maintain mileage 
from where it was prior to adding speedwork. Never 
add more miles to week at same time as introducing 
speedwork.

• Get adequate recovery. All adaptations from training 
occur during recovery from training, not during 
training itself. The older you are, the more time you 
need to recover from training, so the longer you 
need before increasing volume & intensity. Young 
runners can get away with training mistakes; older 
runners cannot.


