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ABSTRACT

Cardiorespiratory fitness measured as VO,max is considered
an important variable in the risk prediction of cardiovascular
disease and all-cause mortality. Non-exercise VO,max predic-
tion models are applicable, but lack accuracy. Here a model for
the prediction of VO,max using seismocardiography (SCG) was
investigated. 97 healthy participants (18-65yrs., 51 females)
underwent measurement of SCG at rest in the supine position
combined with demographic data to predict VO,max before
performing a graded exercise test (GET) on a cycle ergometer
for determination of VO,max using pulmonary gas exchange
measurements for comparison. Accuracy assessment revealed
no significant difference between SCG and GET VO,max
(mean+95%Cl;38.3+1.6and 39.3£1.6ml-min~'-kg~1, re-
spectively. P=0.075). Further, a Pearson correlation of r=0.73,
a standard error of estimate (SEE) of 5.9ml-min~'-kg~?, and
a coefficient of variation (CV) of 8+ 1% were found. The SCG
VO,max showed higher accuracy, than the non-exercise mod-
el based on the FRIENDS study, when this was applied to the
present population (bias=-3.7+1.3ml-min~1-kg~ 1,
p<0.0001. r=0.70. SEE=7.4ml-min~1-kg~1, and
CV=12+2%). The SCGVO,max prediction model is an accurate
method for the determination of VO,max in a healthy adult
population. However, further investigation on the validity and
reliability of the SCG VO,max prediction model in different
populations is needed for consideration of clinical applicability.

Introduction

Cardiorespiratory fitness (CRF) is a powerful factor in the risk pre-
diction of cardiovascular disease (CVD), within both healthy and
sick populations [1]. This is supported by an inverse relationship
between CRF and the risk of CVD and all-cause mortality [2, 3].
Therefore, the American Heart Association stated the significance
of incorporating CRF assessment into clinical practice to improve
CVD risk prediction and overall patient management in their sci-
entific position statement from 2016 [1]. There are different meth-
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ods for assessing CRF, the gold standard being the direct measure
of maximal oxygen consumption (VO,max) using pulmonary gas
exchange measurements during an exercise test to exhaustion [4].
However, this methodology is not always suitable or possible, as it
is time-consuming and requires maximal effort and expensive
equipment. Alternatively, non-exercise prediction models are used
[1]. Adisadvantage of non-exercise prediction models is the lower
accuracy. This especially applies, when used in cohorts different
from the one originally assessed [5]. The FRIENDS study addresses
the current need for VO,max reference standards [6] with an ap-
plicable prediction model (age, sex, and weight), which is built and
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validated based on a very large population sample [7]. However, a
recently developed and validated VO,max prediction model using
seismocardiography (SCG) at rest and demographic data is now
available [8, 9]. SCG s a technique that measures the vibrations on
the chest wall caused by the beating heart [10], and SCG has been
shown to correlate to characteristic events in the cardiac cycle [11].
The SCG VO,max prediction model has recently been adjusted from
the previous version of the SCG prediction model. It is within the
nature of prediction models to be adjusted when more data are ac-
quired to improve accuracy. The main purpose of this study was to
investigate the validity of a model for the prediction of VO,max
using SCG compared to the gold standard VO,max determination
in a healthy adult population. Additionally, the SCG VO,max pre-
diction model was compared to other non-exercise models using
the demographic data from the present study to evaluate, wheth-
er the SCG VO,max prediction model performs better than the
FRIENDS study [7] and/or the Jones et al. [12] prediction modelsin
this sample.

Materials and Methods

The current study was planned as an external validation of an algo-
rithm for the prediction of VO,max, as recommended when devel-
oping new machine-learning methods [13]. This study only com-
pares predicted and measured VO,max values performed in a clini-
cal setting, and it is not directed toward improving and/or changing
the algorithm behind the prediction models. In addition, this study
was part of another research project aiming to develop a biologi-
cal age model and investigate its clinical applicability [14]. The
study was approved by the Science Ethical Committee of the Great-
er Region of Copenhagen, Denmark (H-18031350), and adhered
to the principles of the Helsinki Declaration. The study was regis-
tered as a clinical trial (NCT03680768).

Participants

One hundred healthy participants (51 women) with ages ranging
from 18 to 65 years were included in the study. Three male partici-
pants were excluded from data analyses as their SCG recordings
were invalid due to excessive signaling noise. The exclusion criteria
were; current or previous cardiovascular disease, chronic medica-
tion, pregnancy, or conditions that prevented maximal effort test-
ing on a bicycle ergometer. Before volunteering and signing a writ-
ten consent, the participants received both oral and written infor-
mation about the experimental procedures and possible risks
associated with the study.

Experimental design

A cross-sectional study design was applied, and the full 2-hour ex-
amination protocol used has previously been described [14]. Rel-
evant to the current study, the participants arrived at the labora-
tory in the morning after an overnight fast, water excluded. Initial-
ly, participants were encouraged to empty their bladder, before
body composition was determined by a DXA scan (Lunar, iDXA, GE
Healthcare, USA). Hereafter, a VO,max prediction was performed
at rest in the supine position using seismocardiography (SCG
VO,max) as previously described [8, 9]. In brief, a five-minute re-
cording of a three-lead ECG and SCG was performed using an iWorx

IX-228/s (IWORX, USA), connected to a PC, applying a unit sam-
pling at 5000 Hz in LabScribe recording software (version 3, IWORX,
USA). The ECG electrodes were placed on the right and left shoul-
der and the right and left iliac crest. The SCG signal was recorded
with an ultra-sensitive accelerometer (Silicon Design 1521-002),
placed on the lower part of the sternum with double adhesive tape.
The accelerometer had a resolution of £2 g, alow noise at 7ug [V
Hz, and a frequency response of 0-300 Hz. The accelerometer
measured 19 mm in width, 21 mm in length, and 11 mm in height
and the total weight of the accelerometer including the electronic
components and the ABS plastic housing was five grams. Follow-
ing the resting measurements, the participants performed a grad-
ed exercise test (GET) on a bicycle ergometer (Corival, Lode, Neth-
erlands). The exercise protocol started with a five-minute warm-up
at 50 W for women and 100 W for men and was followed by a 25W
increment every minute until voluntary exhaustion. Pulmonary gas
exchange measurements were continuously obtained breath-by-
breath by an automated online system (Quark, CPET, Cosmed,
Italy). Breath-by-breath measurements were analyzed using 30-s
rolling averages, and VO,max was determined as the highest 30-s
V02 value. Heart rate (HR) was measured continuously throughout
the test (Vivoactive, Garmin, USA) and the highest value deter-
mined HRmax. Furthermore, the participants’ perceived exertion
on the Borg’s 6-20 scale [15] was assessed directly following the
termination of the test. The credibility of the VO,max value was as-
sessed and accepted, if a VO, plateau was obtained, or if two out
of the three secondary criteria were met. The VO, plateau was de-
fined as less than 2.1 ml-min~1-kg~"increase in VO, with increas-
ing workload [16]. The secondary criteria were; a respiratory ex-
change ratio > 1.10, HRmax within 10 bpm of age-predicted
HRmax (220-age), and = 18 on the Borg 6-20 scale [17,18].In 78
out of 97 tests a VO, plateau was obtained, and all the remaining
19 tests fulfilled at least two out of three secondary criteria.

Signal processing

The resting ECG and SCG measurements were performed at our
laboratory. Subsequently, the recording was sent to the company,
Ventriject Aps, together with the age, weight, height, and sex of
each participant, for analysis. The ECG and SCG recordings were ex-
ported from the iWorx system and processed in MATLAB (2018a.
MathWorks, USA). Firstly, the signal processing was performed au-
tomatically and was afterward checked and verified manually as
previously described [8, 11]. Hereafter, a VO,max value was re-
ceived from Ventriject and validated against the VO,max value ob-
tained from the GET. VentriJect was blinded to the measured
VO,max value during the whole process.

SCG non-exercise prediction model

The present version of the SCG VO,max prediction model (SCG 4.3)
is based on linear regression. Features selection and training were
doneinindependent data from two previous studies [8, 9]. The cur-
rent model is therefore an updated version of the previous devel-
oped SCG models: SCG 1.0 [8] and SCG 2.1 [9]. The SCG 4.3 include
the following features and fiducial points:

SCG 4.3 VO,max=(-15.108) + (- 0.122 - S2FrequencySpec) +
(0.371-S2Morphology)+(0.001 -RR) +(0.247 - STFrequencySpec) +
(0.701 - FRIENDS study prediction model) +(143.4-amp_Dd) +
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(-159.45-amp_Ks) +(~0.042 - SYSRV_STD)+(-87.583-amp_
Ls) + (42.993 - amp_Fs)

Abbreviations: S2FrequencySpec; frequency of the average SCG
diastolic complex quantified using principal component analysis.
S2Morphology; morphology of the average SCG diastolic complex
quantified using principal component analysis. RR; Average dura-
tion of heartbeat in milliseconds. S1FrequencySpec; frequency of
the average SCG systolic complex quantified using principal com-
ponent analysis. FRIENDS study prediction model [7]; an algorithm
based on sex, age, and body weight for prediction of VO,max.
Amp_Dd; SCG value at the Dd fiducial point (> Figure 1). Amp_Ks;
SCG value at the Ks fiducial point (> Figure 1). SYSRV_STD; varia-
tion in systolic duration caused by respiration. Amp_Ls; SCG value
at the Ls fiducial point (> Figure 1). Amp_Fs; SCG value at the Fs fi-
ducial point (> Figure 1). A more detailed description of the fea-
tures and their units is presented in Table S1in the supplementary.

Other non-exercise prediction models

The following equations from the FRIENDS study [7] and Jones et al.
[12] were applied to the raw data of the participants in the present
study for comparison of the different prediction models. FRIENDS
study: VO,max (ml-min~1-kg~1) = 79.9 - (0.39 x age) - (13.7 x
sex [0=men; 1=women]) - (0.127 x weight [Ibs])

Jones et al.: VO,max (L- min~1)=0.046 x height [cm] - 0.021 x
age - sex [4.31=men; 4.93=women]

Statistics

Data are presented as mean + 95 % confidence intervals (Cl). All data
were checked for normal distribution with Shapiro-Wilk tests. Data
was analysed as one group as the main outcome and divided by sex
and age groups to assess if the algorithm was performing different-
ly between sexes and within different age groups as a secondary out-
come. Systematic difference in VO,max between SCG and GET with-

in sexes and within age groups was analysed with two-way ANOVA
repeated measures tests. A post-hoc Sidak's multiple comparison
test was applied, when a significant effect of the test or interaction
of group x test was found. Inter-method validity was analysed with
Pearson correlation coefficient r, coefficient of variation (CV), stand-
ard error of estimate (SEE), and mean absolute percentage error
(MAPE). The interpretation of Pearson correlation coefficients was;
very high > 0.90, high 0.70-0.90, moderate 0.50-0.70, low 0.30-
0.50, and little if any 0.00-0.30 [19]. SEE was calculated using:

SEE = [X(Y —Y)?/ (n—2),

with Y and Y’ representing the GET VO,max and SCG 4.3 VO,max
values respectively. The SEE interpretation was: very good<4.0m
[-min-1-kg~1, good 4.0-6.0 ml-min~1-kg~1, fair 6.0-
8.0ml-min~1-kg~', poor 8.0-10.0ml-min~1-kg~', and>10.0m
[-min~T-kg~1very poor. The SEE interpretation is based on previ-
ous non-exercise models using only objective measures such as
weight, height, age, and sex [7, 20] or together with subjective
measures of activity level or physiological work capacity [20, 21].
A MAPE <10% was chosen as the criteria level for the prediction
model to be considered clinically relevant. A Bland-Altman plot with
95 % limits of agreement (LoA) was applied to assess agreement
between methods. Statistical analyses were performed, and fig-
ures were constructed in GraphPad Prism 9.3.1 (GraphPad Soft-
ware, USA) and Microsoft Excel (Microsoft Office 2016, USA).

Results

Demographic data of the participants are presented in » Table 1
and the measured and predicted VO,max values in > Table 2.

ECG

1

-300 -200 -100 0 100 200

300 400 500 600 700 800

Acceleration (g)

-0.04

-300 -200 -100 0 100 200
Time (ms)

300 400 500 600 700 800

» Figure 1 lllustration of a filtered signal from a participant. Signals are means of simultaneously recorded electrocardiography (ECG) and seismocar-

diography (SCG) recordings. The arrows indicate the different fiducial points used in the SCG 4.3 VO,max prediction model with annotation of fidu-
cial points following what is previously used in a normal SCG signal [11]. Es: Mitral valve closure. Fs: Aortic valve opening minimum point. Gs: Aortic
valve opening maximum point. Ks: Systolic outflow minimum point. Ls: Systolic outflow maximum point. Bd: Aortic valve closure. Cd: Aortic valve

closure minimum point and Dd: Aortic valve closure maximum point.
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SCG 4.3 VO,max prediction

For the entire population, no systematic difference in VO,max was
observed between SCG 4.3 and GET (P=0.075). The inter-method
validity assessment revealed a high Pearson correlation (> Figure 2),
together with a good SEE and an acceptable intra-individual CV
(» Table 3). Further, a reasonable agreement between test methods
was observed, as a small and non-significant bias was found, despite
considerable 95 % LoA (> Figure 3). However, a linear regression plot
revealed that the bias was not consistent through the range of the
data (> Figure 3). The MAPE was higher than the criteria specified for
clinical application (> Table 3).

Within-group differences in SCG 4.3 VO,max
prediction

When data was analysed categorized by sex, a significantly lower
SCG 4.3 VO,max compared with GET VO,max was observed for men
(n=46,P=0.028), but not forwomen (n=51, P=1.00). The inter-
method validity assessment showed a moderate Pearson correla-
tion for men, whereas it was high for women (> Table 4). Further-
more, the SEE was 66 % and CV 43 % higher for men compared with
women (> Table 4). The agreement between test methods was
poor for men with a significant bias and 95 % LoA ranging
from - 15.82t0 11.58 ml-min~1-kg~', whereas for women, a good
agreement was observed with a non-significant bias and smaller
95% LoA ranging from -8.54to 8.57 ml-min~1-kg~1. However, a
linear regression plot revealed that the bias was not consistent
through the range of the data for either men or women (> Figure 3).

> Table 1 Characteristics of the participants

All, n=97 Women, n=51 Men, n=46
Age, yrs. 41+3[18-64] | 41+4[21-64] | 41+4[18-64]
Height, cm 175+2 169+2 181+2

[156-196] [156-181] [169-196]
Weight, kg 75.4+2.6 69.2+3.5 82.4+2.8

[47.3-116.8] | [47.3-116.8] [64.4-106.0]
BMI, kg -m-2 24.6+£0.7 24.2+1.1 25.1+£0.8

[17.3-37.1] [17.3-37.1] [20.1-32.5]
Body fat, % 26.9+1.7 31.9+£1.8 21.4+£1.8

[10.3-47.3] [16.5-47.3] [10.3-36.9]
Resting HR, bpm | 59+2[37-86] | 62+3[46-85] 56+3 [37-86]
Data are presented as mean+95 % Cl and [range]. BMI, body mass index;
HR, heart rate.

» Table 2 Measured and predicted VO,max values from the participants

When data were analysed according to age, no differences between
SCG 4.3 and GET VO,max were found for the age group 18-33 yrs.
(n=34)and 34-49yrs. (n=31), but SCG 4.3 was significantly lower
for the age group 50-65yrs. (n=32) (> Table 4).

Other non-exercise prediction models

Application of both the FRIENDS study and Jones et al. VO,max pre-
diction models resulted in significantly lower VO,max compared
with GET (> Table 3). Both prediction models showed a high cor-
relation when compared to GET VO,max, together with a fair SEE
for the FRIENDS study and a poor SEE for the Jones et al. prediction
model (> Table 3). The MAPE of both prediction models was high-
er than the specified criteria for clinical application (> Table 3).

Discussion

In the present study, the validity of an adjusted VO,max prediction
model using seismocardiography was compared with the gold
standard VO,max measurement in a healthy adult population. The
main finding was that SCG 4.3 VO,max prediction on group level

65 — r=0.73

{1 — n=97
60 p<0.0001
55 —
50 —
45 —
40

SCG 4.3 VO,max (mL-min~"-kg™")
w
(%]
|

0 41111
0 20 25 30 35 40 45 50 55 60 65
GET VO,max (mL-min~"-kg™")

> Figure 2 Scatterplot of the correlation between VO,max estimated
with a prediction model using seismocardiography (SCG 4.3) and
gold standard measurement of VO,max applying a graded exercise
test (GET) until exhaustion with pulmonary gas exchange. The dark
grey data point illustrates women and the light grey data point
illustrates men. The dotted red line is the identity line (r=1.0). The
blue line is the regression line for all participants.

GET ml-min~1-kg™!

SCG ml-min~1-kg~!

FRIENDS study ml-min~"-kg~!

Jones et al. ml-min~1-kg~'

All (n=97) 39.3+1.6 [22.7-59.3] 38.3+1.6 [21.3-54.5] 35.5+1.6 [19.5-52.0] 33.7+1.6 [15.5-51.5]
Sex
Men (n=46) 44.1+£2.0[25.0-59.3] 42.0£2.1[28.7-54.5] 40.8+1.9[29.1-52.0] 38.8+1.9[29.8-51.5]
Women (n=51) 34.9+1.8[22.7-47.0] 34.9+1.8[21.3-47.6] 30.8+1.7 [19.5-44.5] 29.2+1.7 [15.5-43.4]
Age

18-34yrs. (n=34)

41.9+2.5[22.7-59.3]

43.7+2.1[27.6-53.2]

41.6+2.3 [24.6-52.0]

39.0£2.5 [24.7-51.5]

34-50yrs. (n=31)

39.8+2.9 [25.0-56.6]

38.6+2.6 [23.5-54.5]

35.4+2.2[22.9-48.6]

32.6+2.6 [16.1-49.8]

50-65yrs. (n=32)

35.2+2.7 [23.8-52.4]

32.3:1.7[21.3-44.1]

29.1£1.9[19.5-38.3]

29.2+2.1[15.5-39.2]

Data are presented as mean+95% Cl and [range]. GET; graded exercise test. SCG; VO,max prediction model using seismocardiography version 4.3.
FRIENDS study; application of the prediction model from the FRIENDS study [7]. Jones et al.; application of the prediction model from Jones et al. [17].
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» Table 3 Inter-method validity assessment of VO,max prediction models compared with gold standard measured VO,max.

Pearson r Bias ml-min~'.kg™’ SEE ml-min~'.kg™’ MAPE % cV %
SCG 4.3 0.73 -1.0£1.2 5.9 12.3 8+1
FRIENDS study 0.70 -3.7+£1.3*** 7.4 18.3 12+£2
Jones et al. 0.72 -5.5+£1.2*** 8.3 22.6 14+2

Data are presented as mean+95 % Cl. n=97. SCG 4.3; VO,max prediction model using seismocardiography version 4.3. FRIENDS study; application of
the prediction model from the FRIENDS study [7]. Jones et al.; application of the prediction model from Jones et al. [17]. SEE; standard error of
estimate. MAPE; mean absolute percentage error. CV; coefficient of variation. * * *significant difference between SCG 4.3 and GET (p<0.0001).

» Table 4 Within group validity assessment of SCG 4.3 VO,max prediction model compared with GET.

Pearson r! Bias ml-min~1.kg™’ SEE ml-min~1.kg™’ MAPE % cV %
Sex
Men (n=46) 0.55 -21+2.1* 7.3 15.3 102
Women (n=51) 0.81 0.0+£1.2 4.4 9.6 72
Age
18-34yrs. (n=34) 0.71 1.8+1.9 5.7 9.9 7+2
34-50yrs. (n=31) 0.78 -1.3£2.0 5.6 11.0 8+2
50-65yrs. (n=32) 0.69 -3.7+2.0** 6.9 16.1 10+3
Data are presented as mean+95 % Cl. SCG 4.3; VO,max prediction model using seismocardiography version 4.3. GET; graded exercise test. SEE; stand-
ard error of estimate. MAPE; mean absolute percentage error. CV; coefficient of variation. *(p<0.05) and * *(p<0.001) denotes significant difference
between SCG 4.3 and GET.

r=-0.30 r=-0.45 F==0L1%)

—— p<0.0001 p=0.002 —— p=0.043
n=97 n=46 n=51

20
x ]
g 15
EN':\ 10 | He— . ..... (T8 b e i 957% LOA
o'w 7 (10.43)
> X 5]
ET‘: 0_- Bias
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S ETI0 e R e 95% LOA
o _15: (-12.42)
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» Figure 3 A Bland-Altman plot of the agreement between VO,max
estimated with a prediction model using seismocardiography (SCG

4.3) and gold standard measurement of VO,max applying a graded
exercise test (GET) until exhaustion with pulmonary gas exchange.
The dark grey data point illustrates women and the light grey data
point illustrates men. LoA; limits of agreement. n=97. The blue line
represents the regression line for all participants. The dark grey line
and the light grey line represent the regression line for women and
men, respectively.

demonstrated as an accurate method for determination of VO,max,
as no systematical difference, a high correlation, a good SEE, and
an acceptable CV % were observed.

Comparisons of VO,max predictions

To compare SCG 4.3 with other non-exercise prediction models,
the FRIENDS study [7] and the model proposed by Jones et al. [12]
were chosen, mainly because the same objective variables (weight

Hansen MT et al. Accuracy of a Clinical ... Int ] Sports Med | © 2023. Thieme. All rights reserved.

and age) were included in their models. The strength of the
FRIENDS study prediction modelis that it is built on data from 7783
subjects and validated in 1278 subjects, showing a Pearson’s r of
0.79and a SEE of 7.2ml-min~1-kg~'[7]. When the FRIENDS study
prediction model was applied to our participants (> Table 3), it
showed very similar results compared with the original data. The
results were more deviating (> Table 3), when the Jones et al. [12]
prediction was applied. The FRIENDS study prediction model is
therefore considered an acceptable reference model for compari-
son of the accuracy for the present prediction model. The SCG 4.3
revealed better overall accuracy compared with the FRIENDS study
prediction, indicating that the objective SCG measurements in-
cluded indeed improved performance of the prediction model. Es-
pecially the improvement seen in SEE, MAPE, and CV could make
the SCG prediction model interesting in a clinical setting in the fu-
ture. From a physiological perspective, adding information on the
cardiac function to the VO,max prediction model is logical. It is
generally accepted that VO,max primarily is limited by the rate of
oxygen delivery to the muscles, where maximal cardiac output is
the main limiting factor, especially within the normal population
[22,23]. The Frank-Starling law indicates that a faster relaxation
and increase in the diastolic filling would lead to an increase in car-
diac output and stroke volume and thereby improve VO,max. This
emphasizes the importance of improvements in the diastolic com-
plex when aiming for a larger cardiac output and thus VO,max. Fur-
ther, the increase in VO,max following a prolonged exercise train-
ing period has been shown to be associated with an increase in both
maximal cardiac output and stroke volume, due to cardiac mor-
phological adaptations, and especially an improvement in the di-
astolic function [24]. A faster relaxation would result in a more rapid
pressure drop in the left ventricle and thereby create a greater dif-
ference between left ventricular and ascending aortic pressure.
This would generate a larger amplitude in the SCG signal around

Downloaded by: Koebenhavns Universitetsbibliotek. Copyrighted material.
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the aortic valve closure area (Fiducial point Dd in » Figure 1) and
give a higher VO,max prediction with the model. The fiducial points
in the SCG signal have previously been shown to correlate to car-
diac events such as peak early ventricular filling [11]. Additionally,
cross-sectional data shows that endurance-trained individuals have
enhanced early diastolic left ventricular filling and a more rapid fill-
ing of the heart during high-intensity exercise compared to un-
trained individuals [25]. Furthermore, systolic SCG information has
also previously been linked with cardiac contractility [26, 27], and
therefore both measures of diastolic relaxation and systolic con-
traction are included in the SCG prediction model. Here, it is shown
that adding SCG information to the non-exercise prediction model
resulted in an improved and accurate VO,max prediction in a
healthy adult population. Additionally, the SCG constitutes an easy
measurement technique of cardiac function at rest. Therefore, the
SCG model shows potential as a relevant method for implement-
ing VO,max assessment in the clinical practice and thereby improve
both CVD risk prediction and overall patient management. How-
ever, much more data are required in different populations, togeth-
er with more validity and reliability assessments of the SCG predic-
tion model in future studies.

Within-group comparison of SCG 4.3 VO,max
prediction

Performance of the SCG 4.3 prediction model showed discrepancies
regarding sex, as a difference was observed between SCG 4.3 and
GETVO,maxfor men, but not women. The first SCG prediction model
(SCG 1.0) was built and validated in a cohort with mostly women
(65%) [8], and this could be a reason for the discrepancy in perfor-
mance. Conversely, the further added data for the development of
prediction model versions 2.1 and 4.3 was composed of approxi-
mately 50 % men and 50 % women. In contrast, a large bias between
the FRIENDS study and GET VO,max was seen for both women and
men when applied to the present study population (> Table 2). This
deviates from the original data in the FRIENDS study where no dif-
ference was observed between the sexes when compared to the
measured peak VO, value. This could indicate that some of the dis-
crepancy is related to the investigated population. The SCG 4.3 pre-
diction model and the FRIENDS study both lack consistency through-
out the data, with the prediction models underestimating more with
higher VO,max values. This especially applies for the men. In this
study, the training status of the participants is better compared with
the subjects from the FRIENDS study [7]. Approximately 50 % of the
men have a VO,max above 45 ml-min~1-kg~1, which could explain
some of the discrepancies in regards to sex observed in this study.
These findings, however, suggest that an adjustment in the predic-
tion model regarding prediction in males is needed to increase ac-
curacy and thereby applicability. Regarding performance within dif-
ferent age groups, the SCG 4.3 prediction model showed no differ-
ence in VO,max compared with GET within the two age groups
ranging from ages 18 to 50, but it was significantly lower in the
50-65 year-old age group. Still, the VO,max prediction was numeri-
cally higher in the 18-34 year-old age group and numerically lower
in the 34-50 year-old age group, indicating that the prediction
model may require an adjustment coupled with the age variable.
That said, the development of the SCG 4.3 prediction model was
based on data from subjects mainly younger than age 50, with a sub-

stantial part being below 40yrs. However, the measured VO,max
values are low in the young age group and high in the oldest age
group when compared to the values from the FRIENDS study [7].
These findings further emphasize the importance of alarge and het-
erogeneous sample size for the development of VO,max prediction
models [5].

Study limitations

A limitation of the study is the lack of knowledge on the influence
of the independent variables within the SCG prediction model.
When applying 12 independent variables there is a risk of overfit-
ting the model, which would result in lower performance in an in-
dependent dataset as in the current study. Furthermore, studies
should analyze the influence of the individual model variables in
order to potentially improve the model performance. Another lim-
itation of this study is the lack of reliability measurements of the
SCG VO,max prediction model. This would have strengthened the
assessment of validity. Furthermore, even though the recording of
the SCG signal with the iWorx box and the connected PC s easy to
perform, it still requires the necessary equipment. When compared
to other non-exercise prediction models, this is a limitation.

Conclusion

Overall the SCG 4.3 VO,max prediction model proved to be an ac-
curate method for determination of VO,max in a healthy adult pop-
ulation. No systematical difference, a high correlation, a good SEE,
and an acceptable CV % were observed when compared to the gold
standard determination of VO,max. However, the accuracy of the
SCG 4.3 prediction model was superior in women compared to
men, and the model systematically underestimated VO,maxin par-
ticipants above 50 years of age. The SCG 4.3 VO,max prediction
model performed better when compared to the application of the
non-exercise model based on the FRIENDS study. The improved ac-
curacy together with automatic signal processing achieved in the
SCG 4.3 prediction model is of interest, when aiming at clinical rel-
evance and applicability. However, further validity and reliability
assessments in different subgroups of the population are needed
before being considered clinically relevant.
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