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ABSTRACT
Objectives We investigated whether high 
responsiveness or low responsiveness to exercise 
training aggregates in the same individuals across seven 
cardiometabolic traits.
Methods A total of 564 adults (29.2% black, 53.7% 
female) from the HERITAGE family study completed a 
20- week endurance training programme (at 55%–75% 
of participants’ maximal oxygen uptake (VO2max)) with 
VO2max, per cent body fat, visceral adipose tissue, fasting 
levels of insulin, high- density lipoprotein cholesterol, 
small low- density lipoprotein particles and inflammatory 
marker GlycA measured before and after training. For 
each exercise response trait, we created ethnicity- 
specific, sex- specific and generation- specific quintiles. 
High responses were defined as those within the 20th 
percentile representing the favourable end of the 
response trait distribution, low responses were defined 
as the 20th percentile from the least favourable end, and 
the remaining were labelled as average responses.
Results Only one individual had universally high or low 
responses for all seven cardiometabolic traits. Almost half 
(49%) of the cohort had at least one high response and 
one low response across the seven traits. About 24% had 
at least one high response but no low responses, 24% 
had one or more low responses but no high responses, 
and 2.5% had average responses across all traits.
Conclusions Interindividual variation in exercise 
responses was evident in all the traits we investigated, 
and responsiveness did not aggregate consistently in 
the same individuals. While adherence to an exercise 
prescription is known to produce health benefits, 
targeted risk factors may not improve.

INTRODUCTION
After several decades of research, consensus state-
ments and advocacy work, physical activity is 
recognised as a healthy behaviour in public health 
policies and in the prevention and treatment of 
various common noncommunicable diseases.1 
Regular exercise induces multiple beneficial changes 
in common cardiovascular and metabolic risk 
factors. Moreover, observational prospective studies 
have indicated that mortality rates and morbidity 
of common noncommunicable diseases decline in 
a graded fashion among those who are physically 
active, as compared with their inactive counter-
parts.1 Now that physical activity recommendations 
have been incorporated in public health policies, 
one remaining challenge is to develop physical 
activity counselling in clinical practice and care of 
individual patients. We and others have shown that 
there are considerable interindividual differences 

in the effects of standardised, supervised exercise 
training on select risk factors including measures of 
adiposity, endurance capacity and inflammation.2–10 
The situation is further complicated by the fact that 
we do not know how the multiple health benefits of 
exercise are distributed across the population: do 
the same individuals always get the greatest benefits 
for all/most health outcomes, while others always 
experience little or no benefits, or are the exercise 
responses distributed heterogeneously among indi-
viduals and cardiometabolic risk factors?

The concept that ‘exercise is medicine’ is gaining 
popularity, in part due to a large Exercise is Medi-
cine global health initiative launched by the Amer-
ican College of Sports Medicine in 2007. This 
initiative is grounded in the fact that regular phys-
ical activity may serve as an alternative or adjunct 
to many pharmaceuticals and should be a compo-
nent of a holistic approach to disease prevention 
and treatment. The advantage of exercise over most 
pharmaceutical agents resides in its high degree 
of safety and broad beneficial effects on health 
outcomes. However, if exercise is to be marketed 
as medicine, it is important to realise that, just like 
pharmaceuticals, the effects of regular exercise can 
vary widely among individuals. To optimise exer-
cise prescriptions and make physical activity part of 
personalised medicine, it is fundamental to know 
whether health outcomes and/or risk factors (traits) 
respond in a consistent manner within individ-
uals. Therefore, the goal of the present study was 
to examine patterns of interindividual variation in 
response to regular exercise across multiple pheno-
types and physiological categories, in a large, diverse 
and well- controlled exercise training study. We 
hypothesised that, across multiple cardiometabolic 
traits, responses to an exercise training intervention 
are characterised by substantial interindividual vari-
ation and that responsiveness does not aggregate in 
the same individuals.

METHODS
Subjects and study design
The sample, study design and exercise training 
protocol of the HEalth, RIsk factors, exercise 
Training And GEnetics (HERITAGE) family 
study have been described elsewhere.11 Briefly, 
742 black and white community- dwelling adults 
from 204 families were recruited to one of the 
four clinical centres (Indiana University, Laval 
University in Québec, the University of Minne-
sota and The University of Texas at Austin), where 
they completed the endurance exercise training 
programme with ≥95% adherence. A total of 564 
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subjects had complete data for the present report. Parents were 
65 years of age or less, while offspring ranged in age from 17 
to 41 years. Subjects were inactive at baseline, normotensive or 
mildly hypertensive (<160/100 mm Hg) and were not taking 
medications for hypertension, diabetes or dyslipidaemia. Written 
informed consent was obtained from each participant.

Patient and public involvement
Patients and/or the public were not involved in the design, 
conduct, reporting, or dissemination plans of this research.

Exercise intervention
Each subject exercised three times per week for 20 weeks on 
cycle ergometers. The intensity of the exercise was custom-
ised for each individual based on heart rate (HR) and maximal 
oxygen uptake (VO2max) measurements taken at the baseline 
test. Details of the exercise training protocol can be found 
elsewhere.11 Briefly, subjects trained at the HR associated with 
55% of baseline VO2max for 30 min per session for the first 
2 weeks. The duration and intensity were gradually increased, 
one at a time every 2 weeks, until reaching 50 min and 75% 
of the HR associated with baseline VO2max. This level was 
maintained for the final 6 weeks of training. All exercise was 
performed on Universal Aerobicycles (Cedar Rapids, Iowa, USA) 
and power output was controlled by direct HR monitoring using 
the Universal Gym Mednet (Cedar Rapids, Iowa, USA) comput-
erised system.

Regular exercise response phenotype selection
A total of seven exercise response phenotypes (traits) were 
selected for the analyses: ΔVO2max, per cent body fat (Δ%fat), 
visceral adipose tissue (ΔVAT), plasma high- density lipoprotein 
cholesterol (ΔHDL- C), plasma small low- density lipoprotein 
particle concentration (Δsmall LDL- P), plasma fasting insulin 
(Δinsulin) and plasma inflammatory marker GlycA (ΔGlycA). 
Phenotypes were selected if they were clinically or physiologi-
cally relevant to health- related fitness and showed statistically 
significant group level improvements with regular exercise in the 
HERITAGE family study participants (online supplemental table 
S1).12–18

Phenotype measurements
Maximal oxygen uptake
Two maximal exercise tests to measure VO2max were performed 
on two separate days at baseline and again on two separate days 
after completion of the exercise programme on a SensorMedics 
800S (Yorba Linda, California, USA) cycle ergometer and using 
a SensorMedics 2900 metabolic measurement cart, as previously 
described.12 The average VO2max from these two tests was 

taken as the VO2max for that subject and used in analyses if both 
values were within 5% of each other. If they differed by >5%, 
the higher VO2max value was used.

Lipids, lipoproteins and insulin
Samples were taken twice at baseline and 24 hours and 72 hours 
after the last exercise session in the morning following a 12- hour 
fast.14 The HDL fraction was obtained after precipitation of LDL 
in the infranatant by the heparin–manganese chloride method.19 
The cholesterol content of the HDL fraction was measured 
before and after the precipitation step. For each time point (ie, 
baseline and post- training), the two HDL- C values were aver-
aged and used for analyses. Lipoprotein traits were adjusted for 
changes in exercise induced changes in haemodilution. Extensive 
quality- control procedures were implemented to ensure high 
quality lipid assays20 and other study data.21 Comprehensive 
lipoprotein analysis was performed on fasting plasma samples 
collected before and after completion of exercise training by 
nuclear magnetic resonance (NMR) spectroscopy at LabCorp 
(Morrisville, North Carolina, USA) using the LipoProfile-3 algo-
rithm.22 Each measurement included values for the concentration 
of small LDL- P and GlycA, as previously described.22 23 Plasma 
insulin was measured by radioimmunoassay after polyethylene 
glycol separation.24 The intra- assay and interassay coefficients of 
variation were 7.7% and 10.3%, respectively.

Body composition
%fat was assessed by hydrostatic weighing, as described previ-
ously.16 %fat was estimated from body density by using the 
equations of Siri25 for white men, Lohman26 for white women, 
Schutte et al27 for black men, and Ortiz et al28 for black women. 
VAT level was assessed by CT, as described previously.16

 
For all seven variables change in response to the exercise training 
programme (ie, delta or Δ) was calculated by subtracting the 
baseline value from the post- training value. Additionally, for all 
measures phenotyping was performed using standardised quality 
assurance and control procedures, with low coefficients of vari-
ation (table 1).2 20 29–31

Definition of high response and low response
Quintile-based classification (primary analysis)
High response was defined as a value within the 20th percentile 
representing the favourable end of the exercise response trait 
distribution (eg, top end for VO2max response, bottom end for 
fasting insulin response), while low response was defined as the 
20th percentile from the least favourable end. To avoid ethnicity, 
sex and generation- related differences in responses to regular 
exercise, the percentiles were defined within ethnicity, sex and 

Table 1 Reproducibility of trait measurements in HERITAGE

Trait

Test–retest* ICQC†

TE SWC‡ICC CV N ICC CV, % N

VO2max29 30 0.97 5.0% 742 0.96 4.7% 55 137 mL/min 148 mL/min

HDL- C20 0.94 6.2% 379 0.94 6.0% 60 2.32 mg/dL 1.9 mg/dL

Body fat31 – – – 0.99 4.0% 60 0.8% 2.1%

f- insulin2 0.78–0.94 19%–30% 624–779§ – – – 17 pmol/L 10.1 pmol/L

*Test–retest from two measures taken on two different days.
†From measures collected across 3 days within 3 weeks as part of an ICQC substudy.
‡SWC was calculated as 0.2xSD value at baseline.
§Values for insulin are given for repeated measures at baseline (n=779) and post- training (n=624) measurements.
CV, coefficient of variation; HDL- C, high- density lipoprotein cholesterol; ICC, intraclass correlation coefficients; ICQC, intracentre quality control; SWC, smallest worthwhile change; TE, technical 
error; VO2, maximal oxygen uptake.
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generation- specific subgroups (online supplemental table S2). 
For descriptive purposes, responses between the 20th and 80th 
percentile were labelled as average. For each trait, high and low 
response (mutually exclusive within a trait) was scored as yes=1 
and no=0, and summary scores for high and low responsiveness 
were created by summing the individual scores across all traits. 
Thus, an individual with universal high or low responses would 
have a score of 7 (eg, high responses for all seven traits), while 
a subject with universal average responses would score 0 (ie, 
average response for all seven traits).

CI and smallest worthwhile change-based classification
As a form of validation, we also classified responses as low, 
average, or high based on 50% confidence intervals (CIs) and 
a smallest worthwhile change (SWC) of 0.2 times the SD of 
baseline measures as previously recommended.32 CIs were 
calculated using existing technical error (TE) values (ie, change 
score±[0.67 x (√2xTE)] from previous quality control studies 
for four traits: VO2max (TE=137 mL/min), body fat percentage 
(TE=0.8%), HDL- C (TE=2.32 mg/dL) and fasting insulin 
(TE=17 pmol/L)2 20 29–31 (table 1). If the entire CI fell ‘above’ 
the SWC in the beneficial direction that response was labelled 
high, if the entire CI fell outside the SWC in the negative direc-
tion that response was labelled low, and all others were labelled 
average. Thus, a 50% true response CI for HDL- C for an indi-
vidual was calculated as change score±[0.67 × (√2×2.32)] and 
if the lower bound of the CI fell above the SWC (1.93 mg/dL for 
HDL- C) the response was labelled high and if the upper bound 
of the CI fell below −1.93 mg/dL the response was labelled low.

Statistical analysis
Relationships among the responses to regular exercise (quanti-
tative traits) were tested using Pearson correlation coefficients. 
Correlations were calculated using raw phenotypes (unadjusted 
correlations), as well as using age, sex, ethnicity and baseline 
trait value adjusted standardised residuals of the response traits 
(partial correlations). To account for the fact that seven traits 
were examined, we defined statistical significance as p<0.007 
(Bonferroni multiple testing correction of 0.05/7) for the correla-
tion analysis. General linear models were used to examine mean 
differences in baseline trait values across response groups. SAS 
software V.9.4 was used for all analyses.

RESULTS
Participant demographic and anthropometric measures can be 
found in table 2. Baseline levels and exercise training- induced 
changes in the seven target phenotypes are presented in table 3. 
There were significant differences in mean baseline values across 
exercise response groups for all seven traits (table 3).

Distributions of the seven regular exercise responses among 
the 564 completers are depicted in online supplemental figures 
1−7). All seven traits showed both statistically significant 
improvements (mean effects in total sample) with exercise but 
marked interindividual differences in response patterns. Except 
for Δinsulin, all other response variables were normally distrib-
uted (skewness < |0.64|), while at least one of the extreme 
values (minimum and maximum) for Δinsulin, ΔHDL- C, Δsmall 
LDL- P and ΔGlycA exceeded 4.0 SD from the group mean 
(online supplemental table S1).

To examine if high or low responses to regular exercise aggre-
gate in the same individuals, we first analysed bivariate correla-
tions between the seven exercise response traits using both raw, 
unadjusted values, as well as response values adjusted for age, 
sex, ethnicity and baseline value of each response trait (table 4). 
The correlations between Δ%fat and ΔVAT, ΔHDL- C and Δsmall 
LDL- P, and Δsmall LDL- P and ΔGlycA were significant in both 
models. The strongest correlation was observed between Δ%fat 
and ΔVAT (unadjusted r=0.32, adjusted r=0.35, p<0.0001 

Table 2 Participant baseline anthropometric characteristics

Trait Total (n=564) Males (n=261)
Females 
(n=303)

Age (years) 34.6 (13.6) 35.8 (14.3) 33.6 (12.9)

Race (white/black) 399/165 193/68 206/97

BMI (kg/m2) 26.0 (4.9) 26.8 (5.2) 25.6 (5.2)

VO2max (mL/min) 2373.4 (710.2) 2368.0 (689.7) 1879.5 (360.7)

Body fat (%) 27.4 (10.1) 29.2 (10.0) 31.4 (9.8)

Total cholesterol (mg/dL) 171.1 (36.4) 172.8 (35.6) 169.6 (37.1)

LDL cholesterol (mg/dL) 113.9 (31.3) 116.3 (31.1) 111.8 (31.4)

Systolic blood pressure 
(mm Hg)

117.6 (11.6) 118.7 (13.1) 116.7 (10.2)

Diastolic blood pressure 
(mm Hg)

67.2 (8.6) 67.8 (9.0) 66.8 (8.2)

Values are mean (SD).
BMI, body mass index; LDL, low- density lipoprotein; VO2, maximal oxygen uptake.

Table 3 Mean baseline values and training responses of the six 
target traits among participants with low, average and high responses 
in the HERITAGE family study

Trait

Training response status

P value*Low Average High

VO2max (mL/min) n=110 n=344 n=110 0.036 †

  Baseline 2525 (67) 2325 (38) 2372 (67)

  Response +140 (11) +386 (6) +675 (11)

Body fat (%) n=110 n=343 n=111 0.006 ‡

  Baseline 24.7 (1.0) 28.0 (0.5) 28.5 (1.0)

Response +1.7 (0.09) −0.8 (0.05) −3.4 (0.09)

VAT (cm2) n=110 n=345 n=109 <0.0001 §

  Baseline 77.8 (5.1) 72.8 (2.9) 120.8 (5.1)

  Response +14.1 (0.8) −4.2 (0.5) −25.6 (0.8)

f- insulin (pmol/L) n=111 n=344 n=109 <0.0001 §

  Baseline 59.0 (4.2) 57.6 (2.4) 118.8 (4.3)

  Response +24.0 (2.3) −5.0 (1.3) −50.7 (2.3)

HDL- C (mg/dL) n=112 n=341 n=111 <0.0001¶

  Baseline 45.5 (1.0) 39.2 (0.6) 42.2 (1.0)

  Response −4.7 (0.2) +1.5 (0.1) +8.0 (0.2)

Small LDL- P 
(nmol/L)

n=110 n=345 n=109 <0.0001¶

  Baseline 422 (26) 484 (15) 669 (26)

  Response +240 (10) −16 (6) −254 (10)

GlycA (μmol/L) n=109 n=346 n=109 <0.0001 §

  Baseline 305 (5.0) 315 (2.8) 364 (5.0)

  Response +53.5 (2.1) −3.4 (1.2) −56.4 (2.1)

*P values are for comparisons (analysis of variance) of the baseline values across 
the three training response categories.
†P<0.05 for difference between low and average groups.
‡P<0.05 for difference between low and all other groups.
§P<0.05 for difference between high and all other groups.
¶P<0.05 for difference between all groups.
f- insulin, fasting plasma insulin; HDL- C, high- density lipoprotein cholesterol; LDL- P, 
low- density lipoprotein particle; VAT, visceral adipose tissue; VO2, maximal oxygen 
uptake.
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for both). HDL- C and small LDL- P responses were inversely 
correlated (unadjusted r=−0.23, adjusted r=−0.27, p<0.0001 
for both), while Δsmall LDL- P and ΔGlycA showed a direct 
association (unadjusted and adjusted r=0.20, p<0.0001 for 
both). Besides the significant, yet weak unadjusted correlation 
with Δ%fat, ΔVO2max did not correlate with any of the other 
response traits (table 4).

In addition to bivariate correlations, we analysed the distri-
bution of high and low responses of the seven traits among all 
subjects. Distributions of the high and low response summary 
scores are summarised in table 5, while distribution of low, 
average and high responses at the individual level are shown in 
figure 1. We found only one individual (0.18% of the cohort) 
with high responses for all seven traits and one individual with 
low responses for all seven traits. Eight individuals (1.4% of the 
cohort) had low responses for five or more traits, while 25 were 
low for four traits. On the other hand, 73.6% of the subjects 
had at least one high and 73.2% had a least one low response 
across the tested traits (table 5). In addition, cross- tabulation of 
the low and high response scores shows that the distributions 
are quite variable: almost half of the cohort (49.3%, n=278) 
had at least one low response and one high response, 24.3% 
had at least one high response but no low responses, and 23.9% 

had at least one low response but no high responses (table 5). 
Finally, 2.5% (n=14) of the subjects consistently and apparently 
universally had average responses for all traits (ie, no high or 
low responses for any trait). When a conservative CI- SWC- based 
classification scheme was applied we found similar interindi-
vidual variation in responses. For each trait other than VO2max, 
a substantial proportion of individuals had either high or low 
responses. Approximately one- fifth of the subjects had high 
responses for ΔHDL- C, Δinsulin, and Δ%fat (25%, 27%, and 
12% respectively), while a smaller, but still substantial propor-
tion of individuals had low/negative responses (9%, 6% and 2% 
respectively). Furthermore, across the four phenotypes, 470 
individuals had at least one high response trait and 90 had at 
least one low response trait using CI- SWC classification. No 
individuals had universally low responses and only four individ-
uals had universally high responses with this method (table 6).

DISCUSSION
Over the last several decades, randomised controlled exercise 
interventions have established that habitual physical activity 
induces beneficial changes in several risk factors for cardio-
vascular disease, diabetes, osteoporosis and other common 

Table 4 Correlation coefficients between exercise training responses in the HERITAGE family study (N=564)

%fat VAT Insulin HDL- C Small LDL- P GlycA

VO2max −0.13 (0.002) −0.06 (0.16) 0.03 (0.43) 0.04 (0.32) −0.09 (0.03) −0.04 (0.30)

−0.09 (0.02) −0.05 (0.25) 0.03 (0.45) 0.06 (0.17) −0.07 (0.10) −0.05 (0.20)

%fat 0.32 (<0.0001) 0.07 (0.09) −0.06 (0.17) 0.09 (0.03) 0.05 (0.24)

0.35 (<0.0001) 0.16 (0.0001) −0.07 (0.10) 0.08 (0.06) 0.03 (0.42)

VAT   0.13 (0.003) −0.04 (0.29) 0.14 (0.001) 0.12 (0.004)

  0.23 (<0.0001) −0.07 (0.10) 0.10 (0.02) 0.08 (0.05)

f- insulin   −0.01 (0.75) 0.03 (0.50) 0.09 (0.03)

  −0.09 (0.04) 0.05 (0.25) 0.13 (0.002)

HDL- C   −0.23 (<0.0001) −0.10 (0.01)

  −0.27 (<0.0001) −0.11 (0.01)

Small LDL- P     0.20 (<0.0001)

    0.20 (<0.0001)

Values are Pearson correlation coefficients and (p value). Top values are unadjusted correlations, bottom values are correlations adjusted for age, sex, ethnicity and baseline value 
of the response traits.
Multiple testing corrected threshold for statistical significance p<0.007.
Signficant values are shown in italics.
%fat, per cent body fat; f- insulin, fasting plasma insulin; f- insulin, fasting plasma insulin; HDL- C, high- density lipoprotein cholesterol; LDL- P, low- density lipoprotein particle; VAT, 
visceral adipose tissue; VO2, maximal oxygen uptake.

Table 5 Distribution of the high and low training response scores across seven phenotypes

  

# of high- response traits Low response

0 1 2 3 4 5 6 7 Total

# of low- response traits

0 2.5 (14) 8.5 (48) 8.1 (46) 3.9 (22) 2.7 (15) 0.7 (4) 0.2 (1) 0.2 (1) 26.8 (151)

1 7.1 (40) 12.1 (68) 11.2 (63) 3.7 (21) 1.4 (8) 0 0 0 35.5 (200)

2 6.7 (38) 7.8 (44) 3.7 (21) 0.9 (5) 0.5 (3) 0.2 (1) 0 0 19.8 (112)

3 5.7 (32) 4.1 (23) 1.8 (10) 0.3 (2) 0.2 (1) 0 0 0 12.1 (68)

4 3.2 (18) 1.0 (6) 0.2 (1) 0 0 0 0 0 4.4 (25)

5 0.7 (4) 0.2 (1) 0 0 0 0 0 0 0.9 (5)

6 0.3 (2) 0 0 0 0 0 0 0 0.3 (2)

7 0.2 (1) 0 0 0 0 0 0 0 0.2 (1)

High- response
Total

26.4 (149) 33.7 (190) 25.0 (141) 8.8 (50) 4.8 (27) 0.9 (5) 0.2 (1) 0.2 (1) 100 (564)

Frequencies are given as percentage (number of subjects); total n=564.
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noncommunicable diseases. Consequently, a physically active 
lifestyle is now recommended as an integral part of treatment 
of elevated blood pressure, low HDL- C, high triglycerides, 
obesity, insulin resistance and other metabolic disturbances.33 
The group- level evidence summarised in the Physical Activity 
Guidelines for Americans1 33 is at the origin of the widespread 
view that regular exercise produces the same benefits in all indi-
viduals and that these benefits apply to all health- related risk 
factors. However, such expectations are not evidence based. 
The present data clearly show that there are marked interindi-
vidual differences in regular exercise responses and the response 

patterns vary considerably within an individual across multiple 
cardiometabolic traits.

The present study confirmed that interindividual variation 
in exercise responses, previously reported in select pheno-
types,2 7 9 10 applied to a broad range of cardiometabolic traits 
and that the differences in exercise- related benefits between 
high and low responses were quite significant, even though all 
participants completed the same 20- week standardised exer-
cise programme, similar in amount and intensity to the recom-
mended national physical activity guidelines, with high (≥95%) 
adherence levels. Our results also highlight the marked heteroge-
neity among exercise response traits within a given individual, a 
unique feature of adaptation to regular exercise. We found only 
a single individual among the 564 participants with ‘universally’ 
low responses and one individual who with ‘universally’ high 
responses as defined herein.

Clinical and public health implications
The assumption of ‘universal’ exercise benefits across tissues, 
organ systems and cardiometabolic traits does not appear to 
hold when physical activity guidelines are considered at the level 
of an individual. Our results are in agreement with previous 
investigations of interindividual differences in exercise response. 
Scharhag- Rosenberger et al9 found that non- response to training 
occurs frequently, even in endurance capacity related traits. 
Similarly, heterogeneity in adipose tissue response to exercise 
has previously been reported, with ~10% of individuals unlikely 
to respond to exercise even across multiple doses of exercise.10 
Thus, the failure to recognise interindividual differences in 
responsiveness may have undesirable consequences. Another 
common assumption is that an exercise programme must 
improve fitness level or induce weight and adiposity losses in 
order to provide health benefits alone. However, our data clearly 
show that ΔVO2max does not correlate with regular exercise- 
induced changes in other cardiometabolic risk factors. Our find-
ings are similar to those found in two recent papers including 
subjects at increased cardiovascular risk34 or type 2 diabetes,35 
where improvements in clinical outcomes were observed with 
and without improvements of cardiorespiratory fitness. Simi-
larly, even though the current exercise programme induced a 
mean reduction in VAT area and Δ%fat, these responses showed 
either a weak correlation (with Δinsulin) or no correlations with 
other cardiometabolic exercise responses. Thus, regular exer-
cise provides health benefits whether body composition and/or 
cardiorespiratory fitness levels improve or not.

Future directions
The ultimate goal of precision and personalised medicine is to 
propose preventive measures and design treatments for indi-
viduals based on their unique biological profile and life circum-
stances. A common assumption is that a patient’s genome, 
together with other molecular signatures could inform the 
process of personalised medicine, including personalised exer-
cise medicine. While research on exercise genomics is in prog-
ress in several laboratories and studies, including the Molecular 
Transducers of Physical Activity Consortium,36 there are many 
questions that need to be addressed before the causes of the 
individuality of adaptation to exercise are fully understood. For 
example, whether the response pattern to an exercise regimen is 
repeatable at an individual level following subsequent exposures 
has not been adequately addressed.37–39 Likewise, studies are 
needed to determine if individuals with low responses to endur-
ance exercise are truly low responders or if they would respond 

Figure 1 Heat map of individual distributions of low, average 
and high responses to regular exercise across seven traits. Each row 
represents the response status of an individual to a given trait. %Fat, 
per cent body fat; f- insulin: fasting plasma insulin; HDL- C, high- 
density lipoprotein cholesterol; LDL- P, low- density lipoprotein particle 
concentration; VO2max, maximal oxygen uptake.

Table 6 Distribution of the high and low training response scores 
across four phenotypes based on a true change 50% CI and smallest 
worthwhile change

Trait

Training response status

Low Average High

VO2max (mL/min) 0% (0) 30% (171) 70% (394)

Body fat (%) 3% (13) 85% (482) 12% (69)

f- insulin (pmol/L) 6% (35) 77% (435) 17% (94)

HDL- C (mg/dL) 9% (49) 66% (375) 25% (140)

Total 4% 65% 31%

Frequencies are given as percentage (number of subjects); total N=564. VO2max: 
TE=137 mL/min, SWC=148 mL/min; body fat: TE=0.8%, SWC=2.1; f- insulin: TE=17 
pmol/L, SWC=10.1; HDL- C: TE=2.3 mg/dL, SWC=1.9.
f- insulin, fasting plasma insulin; HDL- C, high- density lipoprotein cholesterol; SWC, 
smallest worthwhile change ; TE, technical error; VO2, maximal oxygen uptake.
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differently to exercise programmes using different modes, inten-
sities, durations and frequencies than those currently recom-
mended by the Physical Activity Guidelines.40 41

Strengths and limitations
Our study is strengthened by its large sample size of black and 
white men and women representing a wide age range (17–65 
years). Furthermore, adherence was 95% or higher in these indi-
viduals and phenotype measures were very reliable. Although 
our classification of low and high responses may be viewed as 
a limitation (see below), its simplicity may also be a strength 
in that it is easily applicable to other studies, populations and/
or reference data. Furthermore, this approach has public health 
utility, as many studies show that moving from the highest 
population- based risk group (eg, lowest quintile for cardiorespi-
ratory fitness, 0–20th percentile) to the next group (eg, second 
quintile, 21st–40th percentile) is often associated with the 
greatest reduction in disease or mortality risk.42 43

Although we present compelling data from one of the largest and 
most diverse exercise training studies, our study is not without limita-
tions. The HERITAGE cohort consists of generally healthy individ-
uals, potentially limiting the generalisability of our findings. While 
we believe the observed heterogeneity of responsiveness would be 
present regardless of the population studied, future investigations are 
needed to confirm our findings in diseased and other populations. 
We are unable to determine differences in exercise responsiveness or 
label participants as high/low responders due to the lack of a control 
group (ie, cannot definitively attribute trait responsiveness to exer-
cise) in HERITAGE and the inability to eliminate sources of random 
error. Rather our results characterise patterns of response to a single 
type of endurance exercise. Given the family design of HERITAGE, 
relatedness is a potential confounding factor in the examination of 
exercise responsiveness. Since we defined response status within 
generation- specific, ethnicity- specific and sex- specific quintiles, the 
only subgroup that could contain more than one individual from 
the same family would be same- sex siblings, as the other groupings 
would split up family members and likely lessen the impact any one 
family (or families) had on the threshold values. Furthermore, we 
conducted analyses including family membership as a covariate (data 
not shown), however, there was no impact of relatedness on the 
results. Another potential limitation is that we selected only traits 
that significantly changed with the exercise programme in the overall 
cohort. Thus, additional clinically relevant traits were not included. 
Lastly, we recognise that our quintile- based classification of exercise 
response will by default result in 20% low and 20% high responses. 
However, based on numerous reports demonstrating heteroge-
neity of exercise responsiveness,2 3 5–7 9 10 44–47 we are confident that 
regardless of the method used for classifying training responsiveness 
or the traits included, our overall interpretation of the results would 
not differ. This belief is supported by the similar results when a more 
conservative (CI- SWC) classification scheme was applied.

CONCLUSIONS
In summary, we believe that we are now at a stage when the exer-
cise medicine community needs to pay more attention to individual 
differences in responsiveness when implementing the physical 
activity guidelines, especially in clinical settings. A productive first 
step would be to acknowledge that regular exercise does not cause 
the same profile of physiological effects in every individual. Also, it 
is important to recognise that unlike many pharmaceuticals, exercise 
brings about multiple beneficial changes to the cardiometabolic risk 
profile, even when the primary target risk factor does not improve. 
Recognising these two unique features of repeated exercise exposures 

will help public health authorities, clinicians and the public at large to 
better understand the complexity of exercise- induced health benefits.
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Supplemental Table 1. Basic information regarding the distributions of the seven training response (Δ) 
variables among the HERITAGE Family Study subjects (N=564). 

 

Variable Mean SD Minimum* Maximum* Skewness 

ΔVO2max, mL/min +394 205 -109 (2.4xSD) +1097 (3.4xSD) 0.64 
Δbody fat, % -0.8 1.9 -8.3 (4.0xSD) +6 (3.7xSD) -0.14 

ΔVAT, cm2 -4.8 15.1 -65.4 (4.0xSD) +52 (3.8xSD) -0.48 
Δinsulin, pmol/L -8.1 33.5 -373 (10.9xSD) +81 (2.7xSD) -4.53 

ΔHDL-C, mg/dL +1.5 4.7 -19.5 (4.4xSD) +22.8 (4.5xSD) 0.08 

Δsmall LDL-P, nmol/L -11.8 184.9 -919 (4.9xSD) +1086 (5.9xSD) 0.36 

ΔGlycA, μmol/L -2.7 40.5 -122 (2.9xSD) +181 (4.5xSD) 0.39 

SD = standard deviation. 

*Values in parentheses indicate the distance of minimum and maximum values from the group mean in 

terms of multiples of standard deviation (xSD). 
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Supplemental Table 2. High and low response cut-off values for each trait within race, sex, and generation-specific subgroups. 

 

  Blacks Whites 

Variable Fathers Mothers Sons Daughters Fathers Mothers Sons Daughters 

VO2max (mL/min)   

 
  

    

  - low  255 217 318 183 211 201 292 223 

  - high 539 514 597 453 566 406.6 671 538 

Visceral adipose tissue (cm
2
)          

  - low  2.3 9.4 3 5.9 8 8.3 4 5 

  - high -24.2 -11.2 -12.7 -12 -25.5 -17.6 -16.2 -8.6 

Percent body fat          
  - low  0.1 0.2 0.1 1.1 0.6 0.4 0.1 0.8 

  - high -1.6 -2.5 -1.8 -2.8 -1.8 -2.1 -2.5 -2 

f-Insulin (pmol/L)          
  - low  7 20 10 12 12 6 11 9 

  - high -9 -35 -28 -25 -25 -21 -24 -18 

HDL-C (mg/dL)          
  - low  -2.1 -2.9 -3.5 -1.9 -1.9 -1.7 -1.2 -1.7 

  - high 5.4 5.8 4.8 5.2 3.3 6.2 3.9 6.2 

Small LDL-P (nmol/L)          
  - low  163 123 135 125 98 160 101 141 

  - high -195 -164 -143 -139 -198 -134 -149 -128 

GlycA (umol/L)          
  - low  26 51 13 19 23 30 24 3 

  - high -26 -38 -39 -43 -34 -26 -32 -27 
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Supplemental Figure 1. Distribution of individual responses of maximal oxygen consumption (VO2max) 

in HERITAGE. High responses (top 20th percentile) are labeled in green, low responses (bottom 20th) in 

red. 

  

N=564 

Mean Δ=384.7 mL/min 

SD=202.8 
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Supplemental Figure 2. Distribution of individual responses of body fat percentage in HERITAGE. High 

responses (top 20th percentile) are labeled in green, low responses (bottom 20th) in red. 

 

  

N=564 

Mean Δ=-0.8% 

SD=1.9 
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Supplemental Figure 3. Distribution of individual responses of visceral adipose tissue in HERITAGE. 

High responses (top 20th percentile) are labeled in green, low responses (bottom 20th) in red. 

 

  

N=564 

Mean Δ=-4.8 cm2 

SD=15.1 
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Supplemental Figure 4. Distribution of individual responses of fasting plasma insulin (f-insulin) in 

HERITAGE. High responses (top 20th percentile) are labeled in green, low responses (bottom 20th) in 

red. 

 

  

N=564 

Mean Δ=-8.1 pmol/L 

SD=33.5 
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Supplemental Figure 5. Distribution of individual responses of HDL cholesterol (HDL-C) in HERITAGE. 

High responses (top 20th percentile) are labeled in green, low responses (bottom 20th) in red. 

 

  

N=564 

Mean Δ=1.5 mg/dL 

SD=4.7 
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Supplemental Figure 6. Distribution of individual responses of small LDL particle concentration (LDL-P) 

in HERITAGE. High responses (top 20th percentile) are labeled in green, low responses (bottom 20th) in 

red. 

 

  

N=564 

Mean Δ=-11.8 nmol/L 

SD=184.9 
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Supplemental Figure 7. Distribution of individual responses of the inflammatory marker glycA in 

HERITAGE. High responses (top 20th percentile) are labeled in green, low responses (bottom 20th) in 

red. 

 

 

 

 

 

 

 

N=564 

Mean Δ=-2.66µmol/L 

SD=40.5 
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