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Abstract

Objective: To comparatively analyze the validity and prediction accuracy of six commonly used age-
predicted maximum heart rate equations (Fox, Tanaka, Gellish, Fairbarn, Arena, Nes) in the athlete
population. Methods: Based on 992 treadmill maximal graded exercise test data from the University
of Malaga on Physionet during 2008~2018, the measured maximum heart rate and the predicted
maximum heart rate based on six commonly used age-predicted equations of Fox, Tanaka, Arena,
Gellish, Nes, and Fairbarn were evaluated using paired Wilcoxon rank sum test, Bland-Altman con-
sistency analysis, mean absolute percentage error, and root mean square error. Results: Paired Wil-
coxon rank sum test showed that there were significant differences between the HRmax predicted
by Fox, Tanaka, Arena, Nes, and Fairbarn equations and the measured values, while there was no
such difference for the Gellish equation. The Gellish equation had the smallest deviation (0.26 bpm),
the lowest MAPE (3.49) and RMSE (8.22 bpm), and the smallest overall prediction error; the Nes
equation had the largest positive deviation in the predicted value (6.01 bpm), and the prediction
accuracy of the Fox equation and the Nes equation was poor; the 95% consistency limits of the pre-
dicted values of all equations were wide (average range + 10~15 bpm). Conclusion: The prediction
accuracy of the six equations varies and all have limitations in the athlete population. The Gellish
equation has the best overall performance, but the individual error is still significant; Fox and Nes
are not recommended for athletes due to large systematic deviations.
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1. 518

I R0 # (maximal heart rate, HRmax) /2 p-Aili G it D RE il 52 12 Bl 5 BE S ARA I 2Rt R A% O A2 B4R
W — o (EIGIREE % 5ia 3R #4008, HRmax AHER I @ 0O L5 3 R AR S . 183 RIlZR 7
i AN VE AL T 28 DL R Ak B N BE V32 3 b 77 Bevh 2 R S B [1] [2]. HAf, @i 3k B &
HRmax A& hritE, (HHXT A RS2 i 52 70 i) R IR 7 ) 2 R A [3]. B, B T-4F
8 I B R T 2 (W2 B Fox A3: HRmax = 220 — 4EEY) R R EE, moNiEshBE2 S BEE s
B 55 HRmax ) £ 2 1T A [3] [4]-

SRT, DR TR, AR08 T 2 sS4 8 A HE o i e P A1 S5 35 22 S [5] [6]. flln, Tanaka 2
(HRmax = 208 — 0.7 x 4E#%) 1 Arena A :L(HRmax = 209.3 — 0.72 x 4E#&) 7 M3 g jE N B b R IR 7]
[8], 1fi Gulati 27 (HRmax =206 —0.88 x 4F-4%) M A 7£ L Ve A& o RS EACAL HRmax 1M1 32 2 4+ [9] . 15
FRVER S, 1230 GO DR AR (1 A BEAEAE (B8 5 (0 Co T g o LI 7 98 R G ) AR R e k) T
REJE— 0 5 TN AR A FR3& F 1 [5] [10]. TIARR ST HE e, i 773230 52 1) HRmax Bl AR08 T [ 1o 22 800 i
ANBEERNS, HAFRS s 25 5 547 K38 hillR 45 BAFAE B35 2 R (5], XARRE S A RIEZ3)
SRR R 1 0 T AR IOIE .

S A BTN & I AR AERE T A sCFEAT T T2 VPG [5] [6] [9] [11], {HEFXHE 3 51 (JuH 2 ik 75
AR5 T BAR I 2 FEEREAR) I RAMEIIE AL« Sk, ANBE T & eI 12 30 5 B A0E 2l s
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£, TEAE SN H AR U 2 2 (Fox, Tanaka, Arena, Gellish, Nes, Fairbarn) {4 2, %54 Bland-Altman
— AT SEI 4R H 2 L iR 22 (Mean Absolute Percentage Error, MAPE) 134 75 fi % % (Root Mean Square
Error, RMSE), F&t A0 LTI 25 o A 9845 B iz 3l s N GRai B2 R #4518 30 KU 1Al S AN 1AL
FRE 7 5 (i) g HR A SR AR A -

2. BiB5A*
2.1. BHEKRIR

J A5 FHE s 555K T Physionet b D37 ik 2 (University of Malaga)iz 342 B2 i\ KRR I S 06 =5 78
2008~2018 4[] 47 1) 992 YR Ml ML i K4 iz i (Graded Exercise Tests, GET) ] R4 (10 il il £
A [12]-[14] . 1ZEHE A L FE M 1A R P 00 % . FEARURL VO AR £ ' VCO,. i@ S
& VE KHUPHUEE . 253808 10 ¥ & 63 IR MLz i, R4t 7aR. Sa. A &b
(AR E, M3 7E Powerdog J RFIHISHL LA 5 Km/h FEEEPAT#E, 2 J5LL 0.5~1 Km/h [#1i%
FE BB EN B S35, VO BT, AR5 L5 Km/h [ B A7 347 A 516 5h . IR 2% th CPX Med-
Graphics A3 BT 2 45 (35 [H B JE 7514/ Medical Graphics 2 &)l &:, [Fi Mortara 12 S0 H &5 %
KREOF, BRI ANEER, BEEshRFEARE T T. TEREFYEEHRERES . R
T3 SRS RN R A A B S 5y St

2.2. BIRAEMEKLEHEE

B, MEBIELET subject-info.csv Al test_measure.csv G AAE, 145 3HAT L IEHANE LL 1D _test A
BAEA I AN, TRE A IR SO RS 18~60 & HUAT U, K A VU 437 B (Interquartile Range, IQR) % i1
R T AT . S5, HEFRTER— ID_test FAT/SIGIT time B .03 (heart rate, HR)Z{H > 30
e

TR R I E, 1T B A 33 (respiratory exchange ratio, RER), 15[ — I1D_test N,
13 MR R 2 /776 RER > 1.10, WRAASZAE RIS KSS /1[15], Z:FRiZ 1D_test T A 1780k .
SRJG, HUIE— ID_test T, T T AR ARE LN (1 B HR Sl R0 %,

N A B 4 R A7 E P SR 0 AS S48 ) (e o B 13.03%),  AIF TSR A b B R PR R
(Synthetic Minority Oversampling Technique, SMOTE)X /b B FEA AT AU I 51 [16] . AR5, &Fxf 4
AT N:L (PR EE B R BT I 5, SMOTE S35 i 7R RFAE 72 () oo A SRR AR 1) K I AR(ARHIT ST 1 & k = 5)
BEATRAEIRAE, A A 2RI G REA . Z 555 IR T AR G BN SR A 5 3 8 A A 1]

2.3. Gt

WFRA T Python 3.12.4 /E A3 2i4mfE TR, JFIH T pandas 2.2.2, numpy 1.26.4, scipy 1.13.0,
statsmodels 0.14.2, sklearn 1.5.1, matplotlib 3.8.4, seaborn0.13.2, imbalanced-learn0.10.1 %&£ ANk 22 K
HATHEAR TR . PTA AR AE Pycharm M58 F S HAT . TFETRILL M[Pas, Prs]&ar, KX
Wilcoxon FEAIKG S FIMT GET SLillfi K03 5 &2 Il i) fe KO R AR A R & 2 TR
PARFIR . NVFE—E, % 7 Bland-Altman &, LI R Sef 22 [17] [18]. [FINF, 550 2 1) B AF
DX [ FH— SO AR, 0 T A 58 A B — SO SRR RS A BE . b4, 8IS MAPE Al RMSE %82 = Tl
ST L. MAPE T4 2 TIAE 5 S BREINARL 2[RI AT 22 S (T 350K, RO 1 RS A Tt A i 1)
FURFEEE[19]. RMSE MR A, T TR Z b w2 /B, A akdE s 1 IE W & S E AR, HAEA
Vs TR bR BA B R AR e PEA — 31k [20]. B S-SR, AT DLATH . EOWLHD S B AL Tl 45 SRAH -5
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BROLIMEL ) A TR E . A TR S B3 MK T 8EE 2 0.05.
3. ARGR

AR MN D GETHRFE  GET 45 AT Fox. Tanaka %52 2Tl 9 HRmax 772 1 281,

fic X+ FE A Wilcoxon FEAIAS 6 & BIL Fox (Z =—16.253, P <0.000). Tanaka (Z=-5.501, P <0.000). Arena
(Z=-7.977, P < 0.000). Nes (Z=-20.129, P < 0.000). Fairbarn (Z = 10.489, P < 0.000)2 = 7l ) HRmax
SRRl B 2 BAFAE R E . T Gellish (Z = —1.661, P = 0.097) 2 2Tl ) 5 A0 5 Szl T8
DEER. ERMEF AT, Fox (Z=-5.912,P<0.000). Gellish (Z=4.526, P <0.000). Nes(Z=-10.672,
P < 0.000). Fairbarn (Z = 9.631, P < 0.000) 2 = Uil ] HRmax 5 SEIE 2 (] [ FEAFAE 38 22 55 T2 T
Tanaka (Z = 1.809, P = 0.070)F1 Arena (Z = —0.043, P = 0.966) 2 20 il () 5 K008 5 SEE 6 B3 2 5 .
fELEEgh i, T LR Sd AT ) HRmax 5 SEME 2 RIS % 22 57 .

Table 1. General information of the subjects

# 1 ZREMHER

TE £#8(n = 1068) Hit(n = 534) 2o (n = 534)
(%) 28 [23, 35] 31 [24, 38] 26 [22, 31]
£ & (cm) 170.88 [165.74, 177] 176 [172, 181] 166.13 [163.08, 169.29]

A% (Kg) 69 [61.70, 76.22] 75 [70, 81.95] 62.91 [58.11, 67.57]

S K03 HR (bpm)
VO2 (mL/min)
VCO2 (mL/min)
RER
VE (L/min)
Fox (bpm)
Tanaka (bpm)
Arena (bpm)
Gellish (bpm)
Nes (bpm)
Fairbarn (bpm)

186 [179, 192]
2702.96 [2294.50, 3453.75]
3298.92 [2749.25, 4178.25]

1.18 [1.13, 1.25]
101.68 [84.85, 123.90]
192 [185, 197]"
188 [183, 191]"
189 [184, 192]"*
187 [182, 190]
193 [188, 196]"
184 [179, 1871

187 [179, 192]
3426 [2948, 3813.75]

4167 [3592.25, 4647.75]

1.19 [1.14, 1.25]
122.8[108.9, 138.08]
189 [182, 1961
186 [181, 191]
186 [181, 192]
185 [180, 1901
191 [186, 1951
183 [177, 188]™

186 [179.25, 191]
2321.21 [2059.95, 2492.84]
2769.06 [2405.16, 2995.00]

1.17 [1.13, 1.23]

85.55 [77.67, 95.10]

194 [189, 198]"

189 [186, 192]™

190 [186, 193]

188 [185, 191"

194 [191, 1961

184 [181, 1871

VE: VO2: HEE, VCO2: —HE MW E, RER: FRAZHZ, VE: #S&E; Fox=220— Fib;
0.7 x 4F#%; Arena=209.3-0.72 x 4E{#;

Gellish = 207 — 0.7 x 4E#5;

Nes = 211 — 0.64 x 4E#4;

Tanaka = 208 —
Fairbarn = 208 — 0.8

x SEWES (T E)BE 201 - 0.63 x Fi#d(Lctk); SIEKLEF HR ML, P <0.001.

% 2 BoR, Nes 2 :E I H e KM 1E 1w 2 (6.01 bpm, 95% Cl: 5.52~6.50), Fairbarn 720 B H 6
{2 (—2.84 bpm, 95% Cl: —3.33, —2.35), Arena 22— 5 R [ & 5 (LLOA: —17.37, ULOA: 18.12).
Gellish 2 300 2 5t /7(0.26 bpm, 95% CI: —0.23~0.75), — i R i [l AH % %5 45 (LLOA: —15.85, ULOA:
16.37). i#it MAPE #1 RMSE #— PPl TlllAE . Gellish A3 MAPE (3.49%)F1 RMSE (8.22 bpm)#J
RNEAR, BN HEARTINR Z f /. Tanaka 2 3UR1 Arena 22 3% ZE I (MAPE: 3.56%~3.67%; RMSE:
8.31~8.48 bpm), R I H1 55 . Fox 22 AT Nes 2 3% 2 i K (MAPE: 4.56%~4.57%; RMSE: 10.13~10.14 bpm),
RIPHIMRE 2 . W 1 PR, B A RR 582 95% — Stk SR (CFHEH + 10~15 bpm).
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Figure 1. Bland-Altman plot of the consistency between measured and predicted maximum heart rate
B 1 S STNESALRZ BE—BiE Bland-Altman

Table 2. Mean bias and 95% confidence interval, lower limits of agreement (LLOA), upper limits of agreement (ULOA),
mean absolute percentage error (MAPE), and root mean square error (RMSE)

2. (REMHER 5% B EXE. —4 TR (Lower limits of agreement, LLOA). —¥1t R (Upper limits of agree-
ment, ULOA)#1 MAPE, RMSE

Equations Bias LLOA ULOA MAPE (%)  RMSE
Fox 4.85 (4.31, 5.38) ~12.62 (-13.54, -11.71)  22.31 (21.40, 23.23) 457 10.14
Tanaka 1.26 (0.7, 1.75) ~14.85 (-15.70,-14.01)  17.37 (16.53, 18.22) 3.56 8.31
Arena 1.93 (1.43, 2.43) ~17.37 (-15.10,-13.41)  18.12 (17.27, 18.96) 3.67 8.48
Gellish 0.26 (-0.23,0.75)  -15.85(-16.70,-15.01)  16.37 (15.53, 17.22) 3.49 8.22
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Nes 6.01 (5.52, 6.50) —9.98 (-10.82, —9.15) 22.00 (21.16, 22.84) 4.56 10.13
Fairbarn —2.84 (-3.33,-2.35)  —18.75(-19.58, —17.91) 13.07 (12.24, 13.90) 3.57 8.59

7E: LLOA (Lower limits of agreement): —£14: FFE, ULOA (Upper limits of agreement): —2t4: -[R, MAPE: V13
2657 43 iR ZE, RMSE: YRR 2% Fox=220— #%; Tanaka=208—-0.7 x Fi#%; Arena=209.3-0.72x F#%;
Gellish =207 — 0.7 x £E#%; Nes=211-0.64 x £E{#%; Fairbarn =208 — 0.8 x £EHEY(F 14)8k 201 — 0.63 x F (& tt).

4. ST

TEISBNFHFAR, HER T HRmax X PEAIE 3l RARRE . HilE B2 Gt RIZ oG 2 . AW 5 <A
FERE TN 5 R0 B A N T8 ) IZ SR B R 4, VP LA . R T B Rink¥ 2008~2018
SRR AR B BB MR K 2 FOE SR B 5 . WSS R, AN A RAEIZE B GNTE o ) T 4 7 v A7
2z, H¥GEE—CRRME. HNmE, Gellish AXNEARMEM, HHL—BHERRIIETE, M
WZERE . WHANXM Fox. Nes)H ARG mZER K, AEFHTE3R.

Fox A3 2 M T2 shRFERNG IR LB o SR, ZANIETHRFEALE, bz, &
TR T 45 R 5 2 AT R 7T —8k[21] [22], &8 Fox Az m il SePr i) HRmax. i1, 7F Tanaka %%
NHITeo e, AT R I Fox A 3U7E 2 MR BE R PR Z 7] RS, Gellish 25 @ 9 ) H45
sFrie i, Fox AR B E Ml T EE N L F[23]. hah, FRATEM 2 F] Fox 230 MAPE 1 RMSE
FEXTASE R, U L TOMORE FE UK. IR R S 1 ik 25 L 4F ) 2 IO AL AT W e, B Fox A 3(m]
REANE G T T A SFIR E I NEE, el 2 70 75 B0 i P R S 3 s P [22] [24] [25]. BRI, R Fox
A PRI BTSN B — g s P, B SR RS HETIN A I D0, 2% R R FH LAt 52 D9 R 1) 7
A

Tanaka 2 X020 K& AT 0 i a3 I — ool A0 M T4£50 Fox A3, Tanaka
ARTELZAER B BoR B B R IHERTE7] [22]. FEWFCR, WERABIERE, %5 FERI TS 3R 5 5
MK RAFAE— B ZE 5. £ BI85 i vh, Tanaka 7 72 & 4i i % ¢ /M(—0.81 bpm, 95% CI: —1.53, —0.09),
{H — S0 SRR VG B4 5592 (LLOA: —17.37, ULOA: 18.12) . 51 A FIIF 5 45 524, A2 AR 55, Tanaka
5 PR R REAS UE TN IS 50 53 (B K003 [5] [26]. 7 Kasiak (BT T HT, KB5S 47 4534 #4700
WG K, Tanaka 77 FEMTRINME 50l B 2%, HIEAFRMENRIZSTH F RIS F[5]. 5
Tanaka A X AHML, Arena 2 IU7E J I8 3 73 B4 1 2 45 (i 22 55 /> (—0.16 bpm, 95% ClI: —0.89, —0.56), {H—
Bk AR 6 FE 5592 (LLOA: —16.87, ULOA: 16.54) . % 75 S AR B4 o (1) PRI RS 15 A 2

Gellish 24 =05 B X [F] — AFEKIL 25 I RIEERF 7T, L8N 908 ViR A5 i s sl il X [23] -
AHFFE R, Gellish 24324 0.26 (-0.23,0.75), BEAF XML E, FRFLTME S LMER RSG5
Wz —BEF R ER A, HEEXFEES, A TN 5 STIME S B BK. thsh, 48
X EAK ) MAPE F1 RMSE R BH L BAATONAG BE B8 . X AT e S RV Z I AR TE AR s A 5. o
e, GNIRIEFEBE T B T A A B A O B B AU AR A IR, e R TR A R S 1 U
W2 HR, MFAREAREREEE KQ7~78 ¥, T 47.8 %), 1 7 ARMYEN:; &5, TRk
TRA A (Linear Mixed Models), Zi&2%5 58 T B G ST EAE M. MBSN85 (W0 BMI,
R0 ) R RE I o

Nes 23 F 7E— TR B (g FE A2 AR B 0 AR o A SR IR, i 708 2 7 408 HUNT {5 B 7 A ) K
Hdz[27]. Nes 2 ZAR EIFL L —AN T 0@ 188 T B KO 3B AL . SR, AEARTEFUF, Nes A%
WRRIURAE, TG 5 SERRIl S 2 (M AF TR R 2 5 . X — S5 Z AT IR T 45 5 — 3K [5] [9]. FRATTIMI4E5
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FALIR, Nes 22 2 7] T & il SR 1 55 K0 26 IX i 22 W] B Nes 2 XU T I FEARFIEA ¢, A HUNT
WF 7 E B 1 AL AR, T I e AN BE RO M A5 {8 BEIR v AN A 35 5 AT B S IRAIWF R i 2 53
HHANFE[28]0 thAh, Nes 2 xUAE AL BRI 72 57 07 T JF ARBEAT L T 1%, 33X 0 A] e A2 3 B SRS B2 A
FLAth P R S 1 A R R IR 22—

Fairbarn 5 NP T — RV TR AR ) R OB T A X XEAREE— MY 231 A
RSN B HE S Bl kR, H R SR SR P A R B TS FE[29] . FEARBE T, FRATR I
Fairbarn A XAE S ATAEA AR . B M2 538 h i ol 2R s ), [FFERILHE —E 2. X — 8
5 Cleary & N FEAIFI[6]. 25T Fairbarn 2 31 00T ) A% SEBR 1 8 KO % [5] [9]. Fairbarn A
Fe Bk T — MNEUN B S (231 AR BRI 1), TIABEFRME R 7 — AN K H 2 iz sh i a4 .
FEARHAE AN [F) 0] R S 80 T TN PE AR (1 22 57

S AW FEALE FUAECAS [R] A5 08 Tl 5 oK o238 8 s It R 5 AR A T A IME RIS S, (B E — BB
() JRI R, 3 6 iy PR T B S 4 SR 1) ke R AR . 58, BT HRmax 215 AR, PSR RN
SZMA[30], PRI, TR X T AR I TR0 5 R O3 1 A SIS AEAE — 8 B TIIRE FE AR g o FLUORFEAR AR
o AFFFRRIEIRE B RA @M 2R, (EREARTIA T BE L 2R BRI E NI A ABE, Rl
RAEME . SO SRR T RGN 2 5. thah, BdRE kel & ligs) st iz
BRBLE 73 AT 7 kR, AREEA R ZAL[5]. RS J Bt b Re e 5 R B A Va T, 41418 3)
B, SRR, Z2 ek T o, DARTHIT T4 R A S
5. MiR&GIR

AW FEVTAL T 22 AR TN B K0 30 A SNAEAS Bl R A b A 28, AL Gellish 2 U F500 ) HRmax
HSME T S 25 L6 0T, Gellish 22U 22 5 /N TR 72 S ik, 7E75 A s R BUAR XS F R,
SIE A T2 8 A HRmax BT, (EAMARZDIE R 2 . 1 Fox. Nes &AW ZE R FEEEZE, M
M T 28 AR

EETH
A B R PR R TR (RS IRST S A G R T ) (2022xj21t5018).
S5 3k
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