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Abstract

Long-distance runners have higher high-density lipoprotein (HDL)-cholesterol concentrations and
lower adiposity than sedentary men. Most cross-sectional studies claim that the runners’ elevated
HDL-cholesterol is not due to the runners’ leanness. However, when cross-sectional studies use
analysis of covariance (ANCOVA) to adjust for adiposity, or when they compare runners with lean
sedentary men, they make an incorrect tacit assumption. They assume that the relationship between
change in adiposity and change in HDL-cholesterol in men who have lost fat by running is the same
as the cross-sectional difference in HDL-cholesterol between naturally fat and lean sedentary men.
Regression slopes for HDL-cholesterol versus adiposity during and at the end of 1 year of running
in 35 initially sedentary men suggest this assumption is incorrect; the increase in HDL-cholesterol
that accompanies weight loss (—4.28 + 1.0l mg/I00mL per kg/m?2) is considerably greater than the
increase in HDL-cholesterol that is associated with lower adiposity cross-sectionally (—0.78+0.46
mg/100mL per kg/m?). These results suggest the following theory: long-distance runners have the
HDL metabolism of men who are below their sedentary set-point weight rather than the HDL
metabolism of men who are naturally lean without exercising or dieting. This theory was applied to
data from 23 published comparisons between long-distance runners and sedentary men. The
differences were highly correlated (r = 0.80) with the theory’s predictions (ie, the HDL-cholesterol
differences predicted by applying the regression slope for change in HDL-cholesterol vs. change in
adiposity to the average differences in adiposity between the runners and sedentary men). These
analyses suggest that comparing long-distance runners to a reference population suitably matched
for adiposity, and adjusting for adiposity by ANCOVA may each seriously underestimate the
contribution of the runners’ leanness to their HDL concentrations. These results suggest that the
elevated HDL-cholesterol concentrations of long-distance runners are primarily a phenomenon of
reduced adiposity.

Long-distance runners have higher high-density lipoprotein (HDL)-cholesterol concentrations
and lower adiposity than sedentary men [1-19]. Most cross-sectional studies claim that the
runners’ elevated HDL-cholesterol is not due to the runners’ leanness. This claim is based on
three observations: (1) long-distance runners have significantly higher HDL-cholesterol than
sedentary men when adjusted for differences in adiposity by analysis of covariance
(ANCOVA) [1,10,14]; (2) long-distance runners have significantly higher HDL-cholesterol
than naturally lean sedentary men [18,20-22]; and (3) HDL-cholesterol and adiposity levels
are only weakly correlated in cross-sectional samples of runners and sedentary men [6,17,
23]. There are experimental data from longitudinal studies that contradict these cross-sectional
observations. They suggest that metabolic processes associated with fat loss elevate HDL-
cholesterol in runners. Specifically they show (1) a strong correlation between changes in HDL -
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cholesterol and adiposity in initially sedentary men who ran for 1 year [24,25]; (2) significantly
increased HDL-cholesterol levels in sedentary men assigned at random to weight loss by diet
or to weight loss by exercise in a |-year controlled trial [26]; and (3) significantly increased
HDL-cholesterol during weight loss in many diet studies [27,28]. The conflicting
interpretations of the cross-sectional and longitudinal data warrant further investigation.

STATISTICAL ANALYSES OF CROSS-SECTIONAL STUDIES

The discrepancy may occur because standard epidemiologic practices, including both statistical
adjustment (ANCOVA) and the selection of matched controls, are inappropriate for cross-
sectional comparisons between long-distance runners and sedentary men. Many runners are
lean because they have lost fat. However, statistical adjustment by ANCOVA, and the selection
of matched controls, are both based on the cross-sectional relationships between HDL-
cholesterol and adiposity. Both assume that the relationship between change in adiposity and
change in HDL-cholesterol in men who have lost fat by running is the same as the cross-
sectional difference in HDL-cholesterol between naturally fat and lean sedentary men, and this
is not true. The consequence (e.g., increased HDL) of physiologic change (weight loss) cannot
be inferred from cross-sectional relationships. This can be shown using data from 35 initially
sedentary men who were trained to run as part of a I-year study of exercise and lipoproteins
[24,25] (includes only those men who had complete data on body composition, HDL-
cholesterol and HDL»-mass at baseline and I-year who did not go on special diets to lose weight
during the study, see Wood et al [25] for description of design and methods). The analyses
appear in Table 1. The regression slopes for HDL-cholesterol versus adiposity at baseline
(before regular exercise) describe the cross-sectional relationships between adiposity and HDL
concentrations in sedentary men (designated B1s). The regression slopes for data collected at
the end of the study, after 1 year of running, describe the cross-sectional relationships between
adiposity and HDL concentrations in runners (designated p1r). The two cross-sectional
regression slopes are compared with the regression slopes between change in HDL
concentrations and change in adiposity (B,). This was done by subtracting ;5 from B,, and
B1Rr from By, and dividing these differences by their corresponding standard errors to obtain t
statistics.

Table 1 shows that the differences (B,- B1s) and (B2- B1R) are negative, and that most are
significant. The negative differences indicate that the cross-sectional relationships between
HDL concentrations and adiposity in sedentary men (B1s) and in runners (B1r) underestimate
the relationship between change in HDL concentrations and change in adiposity (B,). The
increases in HDL-cholesterol and HDL,-mass that accompanies exercise-induced fat loss are
considerably greater than the HDL-cholesterol and HDL ,-mass differences between fat and
lean sedentary men (B,>B1). The HDL-cholesterol difference is illustrated in Fig 1. Cross-
sectionally, a 1-kg/m? difference in body mass index (BMI) was associated with a HDL-
cholesterol difference of only —0.78 mg/I00mL in sedentary men (B1s) and —0.57 mg/100mL
in the runners (B1Rr). These two estimates of 1 are both significantly less (P<0.0l) than the
—4.28 mg/I00mL change per kg/m? change observed longitudinally (B,).

EXERCISE AND WEIGHT SET-POINT EXERCISE AND WEIGHT SET-POINT

Multiple regression analysis was used to test whether HDL-cholesterol concentrations in
runners are better predicted by current adiposity or rather by loss of adiposity since starting to
run (Table 2). At the end of the I-year running program, plasma HDL-cholesterol
concentrations were more strongly related to changes in BMI between baseline and 1 year than
to body mass index at 1 year, and to changes in relative weight between baseline and 1 year
than to relative weight at 1 year. That is, HDL-cholesterol levels depend more on the weight
lost than the leanness achieved. These results, and the relationships between HDL
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concentrations and adiposity before, during, and at the end of 1 year of running (Table 1),
suggest the following theory: long distance runners have the HDL metabolism of men who are
below their sedentary weight (i.e., their theoretical sedentary set-point [29]) rather than the
HDL metabolism of lean sedentary men who are at their usual weight. By sedentary weight
set-point, we mean the postulated homeostatically regulated (usual) weight under sedentary
conditions [29].

REASSESSMENT OF CROSS-SECTIONAL STUDIES

The ANCOVA model assumes that the cross-sectional regression slope between HDL-
cholesterol and adiposity (B1) can be used to adjust the runners’ and sedentary men’s HDL-
cholesterol difference for their difference in adiposity. The product

B1 X average difference in adiposity, (Eq 1)

estimates the amount of the HDL-cholesterol difference that is due to the difference in
adiposity. This is subtracted from the runners’ and sedentary men’s average difference in HDL-
cholesterol:

average HDL—cholesterol difference — 8; X average difference in adiposity, (Eq 2)

to estimate the amount of the lipoprotein difference that is not due to the adiposity difference
(i.e., the adjusted difference in HDL-cholesterol).

We have shown in Table 1 that the relationship between change in adiposity and change in
HDL-cholesterol in men who have lost fat by running (B5) is not the same as the cross-sectional
difference in HDL-cholesterol between naturally fat and lean sedentary men (B1). Since B, >
B1, the ANCOVA model is expected to underestimate substantially the HDL-cholesterol
difference that is due to the leanness of the runners. The weight set-point model suggests that
the regression slope between change in HDL-cholesterol and change adiposity should be used
to adjust the runners’ and sedentary men’s HDL-cholesterol difference for their difference in
adiposity. However, this requires knowledge of the adiposity of the individual runners under
sedentary conditions. Although this is not known for individual runners, the average BMI of
the sedentary men may provide a reasonable estimate of the average BMI of the runners under
sedentary conditions, provided that the sedentary men were selected to represent the relevant
pool of men prior to running long distances. Under the weight set-point theory, the part of the
HDL-cholesterol difference that is attributable to the long-distance runners’ reduced adiposity
is;

[ x average difference in adiposity, (Eq 3)

where By is the regression slope between change in HDL-cholesterol and change in adiposity
as determined from longitudinal data. The remainder:

average HDL—cholesterol difference — 8, X average difference in adiposity (Eq 4)

is the adjusted difference in HDL-cholesterol concentrations between long-distance runners
and sedentary men (i.e., with the effects of their difference in adiposity removed).
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For example, Williams et al [10] reported that mean HDL-cholesterol concentrations were
15.33 mg/100mL higher in runners than sedentary men and that the runners were also —2.48
kg/m? leaner. They also observed that a 1-kg/m? decrease in BMI was associated with a 1.065
mg/100 mL increase in HDL-cholesterol (i.e., B1 = —1.065 mg/I00mL per kg/m?) in these cross-
sectional data. Under the ANCOVA model (Eq 1 and 2), they estimated that 2.64 mg/100mL
of the HDL-cholesterol difference was due to the adiposity difference, and that the adjusted
difference in HDL-cholesterol between the runners and the sedentary men was:

15.33 mg/100mL — (-1.065 mg/100mL per kg/mz) X (—2.48 kg/m2)212.69 mg/100mL

The weight set-point adjustment assumes that the runners are 2.48 kg/m? below their sedentary
adiposity level, and that B, = —4.28 mg/l00mL per kg/m? (see Table 1). Therefore, under the
weight set-point model (Eq 3 and 4), we estimate that 10.61 mg/I00mL of the HDL-cholesterol
difference was due to the reduced adiposity of the runners, and that the adjusted difference in
HDL-cholesterol between the runners and the sedentary men is

15.33 mg/100mL — (—4.28 mg/100ml per kg/mz) X (—-2.48 kg/mz):4.6 mg/100mL.

Therefore, as shown in Fig 2, differences in mean adiposity explain only 17% of the runners’
and sedentary men’s difference in HDL-cholesterol under the ANCOVA model, but 70% of
the HDL-cholesterol difference under the weight set-point model. Figure 2 also shows that the
ANCOVA model attributes much less of HDL, difference to the runners’ and sedentary men’s
difference in adiposity (20% of the HDL, difference) than does the weight set-point model
(86%).

The weight set-point theory of long-distance runners can be tested using data previously
published by others. There are 23 published comparisons between long-distance runners and
sedentary men (Table 3). If the theory is valid, then most of the HDL difference should be
predicted by applying the regression slope for change in HDL versus change in adiposity to
the runners and nonrunners difference in adiposity (Eq 3). From the 35 men who participated
in our |-year training study, our estimates of the B, coefficients for HDL-cholesterol are —1.34
mg/100mL per kg change in weight, —1.14 mg/100mL change per 1% change in body fat, —4.28
mg/I00mL change per kg/m? change in BMI, —92.36 mg/I00mL change per 1-U change in
relative weight, and —103.48 mg/I00mL change per 1-U change in Broca’s index {weight (kg)/
[height (cm) — 100]}. The HDL difference predicted by the model correlates strongly (r = .80)
with the published differences (Table 3). The regression line between the observed and
predicted differences has a slope close to one and an intercept close to zero (Fig 3). In contrast,
the average distance run does not correlate with the HDL-cholesterol differences between
runners and sedentary men {r = .08 when the HDL-cholesterol differences and distances run
reported by Martin et al (7.0 mg/I0OmL v 137 km/wk) [23], Nakamura et al (13.6 mg/I00mL
vs. 20 km/wk) [21],” and Nikkila et al (19.1 mg/I00OmL vs. 115 km/wk) [22], are included with
16 of the studies listed in Table 3).

WEIGHT SET-POINT THEORY AND HDL-METABOLISM IN RUNNERS

Lipoprotein lipase hydrolyzes triglycerides of chylomicron and very-low-density lipoprotein
(VLDL) particles [30]. During this process (lipolysis), the free cholesterol, apolipoproteins,

and phospholipids that reside on the surfaces of these particles are taken up by circulating HDL
[30]. Runners have high lipoprotein lipase activity and therefore catabolize chylomicron and
VLDL particles more rapidly than sedentary men [31]. There are at least two explanations of
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how more rapid catabolism of these particles could increase plasma HDL-cholesterol
concentrations in long-distance runners: (1) free cholesterol and other surface components may
be transferred to HDL at a higher rate when chylomicron and VLDL particles are catabolized
more rapidly [22,31]; (2) HDL-cholesteryl ester may be transferred to VLDL and chylomicron
particles at a slower rate because the size of the pool of VLDL and chylomicron particles is
reduced, causing HDL-cholesterol to accumulate [32]. Running also decreases the measured
activity of hepatic lipase [10,33], an enzyme that hydrolyzes HDL-phospholipids [34]. This
may also cause HDL-cholesterol to accumulate in plasma, because an increase in the ratio of
HDL-phospholipid to HDL-cholesterol may inhibit the transfer of HDL-cholesterol to
hepatocytes [35,36].

Previous discussions have emphasized the adaptations of skeletal muscles to prolonged
physical activity, particularly the higher lipoprotein lipase activity of muscles in long-distance
runners [31,37-40]. Our results suggest that the elevated HDL-cholesterol concentrations of
long-distance runners appear to be primarily a phenomenon of reduced adiposity rather than
altered musculature. We propose that it is the higher adipose tissue lipoprotein lipase activity
that is primarily responsible for the greater catabolic rate of chylomicrons and VLDL particles
and their lower plasma concentrations. This possibility has been ignored in earlier exercise
studies, even when clearly indicated by the data presented. For example, the data presented by
Nikkila et al show that the increase in lipoprotein lipase activity of adipose tissue is greater,
and contributes more substantially to overall increases in lipoprotein lipase activity of long-
distance runners than does the higher lipase activity of the skeletal muscle [22]. Per gram of
tissue, adipose tissue lipoprotein lipase activity was 175% higher in the long-distance runners
than in the sedentary men they studied; this difference is much larger than the difference they
observed between the runners’ and the sedentary men’s skeletal muscle lipoprotein lipase
activities (67% higher in long-distance runners). Using rough approximations of muscle and
fat body mass from published references, Nikkila et al estimated that the total lipoprotein lipase
activity of all adipose tissue and skeletal muscle was 125.4 mmol free fatty acids (FFA) ¢
h~1 in long-distance runners and 59.6 mmol FFA « h~1 in sedentary men. Adipose tissue
lipoprotein lipase activity accounted for approximately 79% of this difference [22]. Nikkila et
al also reported that distance run and plasma HDL-cholesterol concentrations correlated
significantly with adipose tissue lipoprotein lipase activity but not skeletal muscle lipoprotein
lipase activity in their study [22]. The greater increase in the lipoprotein activity of the adipose
tissue vis-a-vis the muscle tissue was never made explicit by the authors, nor its importance
discussed [22,31].

The observation that the increase in adipose tissue lipoprotein lipase activity is greater than the
increase in skeletal muscle lipoprotein lipase activity is consistent with runners’ greater
utilization of energy substrates from adipose tissue than muscle tissue during running.
Oxidation of FFA released by the adipocytes is estimated to contribute 25% to 90% of the
energy spent during prolonged endurance exercise [41]. In contrast, uptake of VLDL-
triglycerides and use of intramuscular triglyceride stores are estimated to provide less than 15%
of the energy used by the muscle during prolonged exercise [42,43] Thus, the energy required
to run long distances is likely to promote a greater increase in the hydrolysis of triglyceride-
rich lipoproteins by adipose tissue (replacing fatty acids released by adipocytes during exercise)
than by muscle tissue.

Why should the HDL-cholesterol concentrations of long distance runners be determined by
their reduced adiposity relative to their weight set-point rather than their current adiposity?
The increase in the runner’s adipose tissue lipoprotein lipase activity may be proportional to
the level of depletion of their adipocyte triglyceride stores that has occurred since the men
started running. If true, then running should affect the relationship of lipoprotein lipase activity
with percent body fat and fat cell diameter. In sedentary populations, lipoprotein lipase activity
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correlates positively with percent body fat and fat cell diameter. These relationships would be
weakened if long-distance runners who lose the most weight also increase adipose tissue
lipoprotein lipase activity and decrease adipocyte diameter. Sevard et al [44] has in fact found
that the relationships of adipose tissue lipoprotein lipase activity to fat cell diameter and percent
body fatin sedentary men (r=0.79 and r = 0.47, respectively) differ from those of long-distance
runners (r = —0.03 and r = —0.38) studied cross-sectionally.

CAVEATS AND LIMITATIONS

Our proposed theory attributes 64% of the variance in the mean HDL differences between
runners and sedentary men to the leanness of runners. The analysis invoked several
assumptions: (1) the average adiposity and HDL-cholesterol levels of sedentary men provides
a reasonable estimate of the runners’ values under sedentary conditions; (2) the relationship
between I-year changes in HDL-cholesterol and adiposity can be extrapolated to the longer
running careers of distance runners. Random samples of sedentary men may not precisely
represent the relevant pool of men before running long distances because men who take up
running may have initially less fat and higher HDL-cholesterol levels [45,46]. The second
assumption remains to be verified. The unexplained variation in HDL levels in the 23 studies
(36% of the variance) may be due to inaccuracies in the model’s parameter estimates and
random variation.

Other physiological effects of exercise, including training induced changes in skeletal muscle
of runners and their high calorie flux may also contribute to the remaining variation. Keins and
Lithell compared lipoprotein levels of arterial and venous blood samples taken in trained and
untrained leg muscles [47]. They found that the mean arteriovenous HDL-cholesterol
differences were significantly greater in the trained muscles than the untrained muscles. In
another study, Sopko et al reported that a combination of increased calorie intake and exercise
increased plasma HDL -cholesterol without weight loss [48]. The effects of hypercaloric status
on HDL-cholesterol are poorly understood. Calculations by Nikkila suggest that chylomicrons
provide 5 to 10 times more surface phospholipids and cholesterol for HDL than does
endogenous VLDL [30]. Therefore, the potential for higher muscle and adipose tissue
lipoprotein lipase activities to increase HDL-cholesterol concentrations may be greatest when
chylomicron turnover is also increased. Although our theory does not preclude contribution of
these other factors, training-induced changes in skeletal muscles and high calorie flux do not
explain why previously overweight marathon runners have higher HDL-cholesterol levels than
marathon runners who were never overweight [49].

CONCLUSIONS

We have presented evidence to suggest that the standard epidemiologic practices of comparing
long-distance runners with a reference population suitably matched for adiposity and adjusting
for adiposity by analysis of covariance may seriously underestimate the importance of the
runners’ leanness on their HDL concentrations. These practices incorrectly assume that the
relationship between change in adiposity and change in HDL-cholesterol in men who have lost
fat by running is the same as the cross-sectional difference in HDL-cholesterol between
naturally fat and lean sedentary men. Comparisons between long-distance runners and lean
sedentary men in the studies by Letac et al [20], Nakamura et al [21], Nikkila et al [22], and
Seals et al [18] may involve individuals of comparable leanness, but this approach negates
differences in their adipose tissue morphology and metabolism, e.g., long-distance runners tend
to have smaller fat cells [22,44,50] higher adipose tissue lipoprotein lipase activity [22,44] and
higher basal and insulin-stimulated rates of glucose conversion to triglycerides [44]. The
observations by Savard et al [44] of a different relationship between adiposity and adipose
tissue lipase activity in sedentary men and long-distance runners is consistent with our criticism
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of the ANCOVA adjustment in cross-sectional studies of runners and sedentary men. Their
observation may also explain why several cross-sectional studies have found that the
correlation between HDL-cholesterol and adiposity may be different in sedentary men and
long-distance runners [17].

Men who are below their usual weight by dieting generally sustain their fat loss only by
continuing to restrict their calorie intake. Schwartz and Brunzell have hypothesized that
increased lipoprotein lipase activity may be an important regulatory response following loss
of adiposity below usual weight [51]. The increase in adipose tissue lipoprotein lipase activity
in these men may primarily serve to return adipose mass and fat cell size to that specified by
the postulated set-point for body weight [29,51]. However, men who have lost weight by long-
distance running are able to sustain the reductions in fat cell size on unrestricted diets that
contain 40% to 60% more calories than sedentary men who are at stable weight [52]. Long-
distance runners and men who have lost weight by dieting may share the same unstable
metabolic state below their theoretical set-point weight, but whereas dieters often return to
their initial weight, long-distance runners are able to sustain their reduced weight and maintain
increased HDL-cholesterol concentration in conjunction with a high caloric intake.
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Fig 1.

Three estimates of the expected change in HDL cholesterol with change in weight from data
on 35 men who participated in a I-year running program. The effect of weight loss on HDL-
cholesterol (B,) is underestimated by cross-sectional data (B1s and B1R).
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Fig 2.

Statistical adjustment of the mean difference in HDL-cholesterol and HDL, concentrations
between 12 long-distance runners and 64 sedentary [10] men under the ANCOVA and weight
set-point models. The drop in the regression line that occurs between the runners’ and sedentary
men’s mean BMI designates the portion of the HDL, difference that is attributable to leanness.
The weight set-point model replaces the cross-sectional regression slope used in the ANCOVA
calculation with the regression slope for change in HDL versus change in BMI. Note that a
substantially greater proportion of the HDL difference is attributed the runner’s leanness under
the weight set-point model.
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Fig 3.

Reported average differences in HDL-cholesterol between long-distance runners and sedentary
men versus the predicted differences in HDL-cholesterol concentrations under the weight set-
point model. Twenty-three cross-sectional comparisons are displayed.
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Table 1

Regression slopes (+SE) for HDL-cholesterol and HDL,-mass concentrations versus BMI, relative weight, and
percent body fat in 35 initially sedentary men who participated in a I-year exercise program.
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Relative weight (% of
BMI (kg/m?) ideal) Body fat (%)

HDL-cholesterol

AHDL-cholesterol vs. ABMI () -428+1018 | -92.36+21.99% -1.14+ 038"

HDL-cholesterol vs. BMI at baseline (B1s) —0.78 + 0.46 —17.77+10.28 —0.46 + 0.27

HDL-cholesterol vs. BMI after running year —0.57 £ 0.66 —12.14+14.87 —0.35+0.36
(B1r)

Test for significant difference (B-B1s) —350+1.047 | —74.50+24.84% —0.68 + 0.46

Test for significant difference (B-B1r) -371+090% | -80.22+19.60% -0.79+0.33"
HDL,-mass

AHDL,-mass vs. ABMI (B) -16.87 = 4.22% | —364.15:91.38* -5.18 + 1.49%

HDL,-mass vs. BMI at baseline (B1s) —393+1.76" —93.50+£38.92 -1.81+1.06

HDL,-mass vs. BMI after running year (B1g) —2.28+2.26 —56.35+50.96 -1.78 +1.22

Test for significant difference (B,-B1s) 1294 +4.92% | —207.05+107.18% -3.37+2.04

Test for significant difference (Bo-p1r) -1459+380% | -307.80+82.48" ~3.40+1.46"

Significance levels are coded:

*
P<0.05;

TP<0.01;

iP<0.001;

§P<O.0001.
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Table 2

Page 14

Multiple regression analyses (coefficients + SE) showing that at the end of a I-year running program, the HDL-
cholesterol concentrations of 35 men were more strongly related to the weight lost than to the leanness achieved.
Dependent variable in both models is HDL-cholesterol (mg/dL) at the end of the I-year running program.

Model 1 using BMI:

Intercept 72.85+15.34"
One-year change in BMI between baseline and the end of the study —3.75+1.83"
BMI at the end of the study —0.92+0.65
Percent of the variance explained (R?) 13.5%

Model 2 using relative weight:
Intercept 73.45£16.01"
One-year change in relative weight between baseline and the end of the study ~81.60+39.94"
Relative weight at the end of the study —20.50+14.78
Percent of the variance explained (R?) 13.3%

*
Significant at P < .05
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