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ABSTRACT

Despite more than four decades of research examining the physical demands of match-play, quantifica-
tion of the customary training loads of adult male professional soccer players is comparatively recent. The
training loads experienced by players during weekly micro-cycles are influenced by phase of season,
player position, frequency of games, player starting status, player-specific training goals and club
coaching philosophy. From a macronutrient perspective, the periodization of physical loading within (i.
e., match versus training days) and between contrasting micro-cycles (e.g., 1, 2 or 3 games per week
schedules) has implications for daily carbohydrate (CHO) requirements. Indeed, aside from the well-
recognised role of muscle glycogen as the predominant energy source during match-play, it is now
recognised that the glycogen granule may exert regulatory roles in activating or attenuating the
molecular machinery that modulate skeletal muscle adaptations to training. With this in mind, the
concept of CHO periodization is gaining in popularity, whereby CHO intake is adjusted day-by-day and
meal-by-meal according to the fuelling demands and specific goals of the upcoming session. On this
basis, the present paper provides a contemporary overview and theoretical framework for which to
periodize CHO availability for the professional soccer player according to the “fuel for the work”
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paradigm.

1. Introduction

An annual macrocycle for professional soccer players is typically
categorised into three distinct phases of pre-season (6 weeks),
in-season (39 weeks) and off-season (7 weeks) (Reilly, 2007).
Throughout the in-season period, players may compete in 40—
60 matches that could encompass domestic, continental and
global competitions. In addition, players also complete ~180
training sessions (Anderson et al., 2016) with the volume and
intensity of such session’s dependent on the proximity to the
next game (Anderson et al., 2015); see (Figure 1). For example,
during a two or three game per week microcycle, players are
exposed to a higher weekly accumulative load (e.g., total dis-
tance covered, and distances covered within high-intensity
speed zones) that is largely reflective of increased loading
associated with match play, as opposed to high training
loads. Such scenarios present the challenge to ensure optimal
match-day performance and recovery (Morgans et al., 20143;
Nédélec et al,, 2014) whilst also preventing injury (Dellal et al.,
2013; Dupont et al., 2010) and symptoms of over-training
(Morgans et al,, 2014a). In the traditional one game per week
microcycle, however, players are usually exposed to a higher
physical loading from training given the extended recovery
time available between consecutive games. In such situations,
the daily training load may be periodized according to the
club’s coaching philosophy (Akenhead et al., 2016; Anderson
et al.,, 2015; Malone et al., 2015; Martin-Garcia et al., 2018;
Oliveira et al., 2020; Stevens et al., 2017), though the days

with the highest training load tend to be three or four days
before the next game (Akenhead et al., 2016; Anderson et al.,
2015; Martin-Garcia et al., 2018; Oliveira et al., 2020; Stevens et
al., 2017); see (Figure 1 and Table 1).

From a nutritional perspective, the role of muscle glycogen
as the main energy source for soccer match play was first
documented in the early 1970s (Saltin, 1973). On this basis,
nutritional guidelines for soccer players typically advised a
high daily carbohydrate (CHO) intake, with previous recom-
mendations of 5-7 g.kg™' body mass on training days and 7-
12 g.kg™" on those days requiring enhanced daily recovery and
match preparation (Burke et al., 2006). Nonetheless, with our
increasing understanding of the energy requirements and per-
iodization of physical loading patterns completed by elite
players (i.e, as dependent on fixture schedule), it is perhaps
relevant to also consider a more nuanced approach to CHO
recommendations that takes into account both meal-by-meal
and day-by-day CHO requirements. Indeed, although the con-
cept of CHO periodization has obvious relevance to the promo-
tion of match day performance (Bangsbo et al., 1992) and
recovery (Gunnarsson et al., 2013; Krustrup et al., 2006), there
is a growing body of literature suggesting that carefully imple-
mented models of within and between day CHO periodization
may enhance skeletal muscle adaptations to aerobic (Impey et
al., 2018) and high-intensity interval-type training (Morton et
al.,, 2009). In addition to its well documented role as an energy
substrate, our understanding of the glycogen granule has since
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Figure 1. Total distance and high-speed running completed in training sessions and matches by professional players from the EPL. Figures A and B = one-game week, Figures C
and D = two-game week and Figures E and F = three-game week. White bars = training days and black bars = match days. a denotes difference from day 3, b denotes
difference from day 4, c denotes difference from day 5 and d denotes difference from day 6, all P < 0.05. HSR = High Speed Running. Data redrawn from Anderson et al. (2015).

expanded to that of a regulator of training adaptations (Philp et
al., 2012; Bartlett et al., 2015; Hawley & Morton, 2014). Such
recognition is based on the repeated observations that com-
mencing and/or recovering from exercise with “low” muscle
glycogen potentiates the activation of cell signalling pathways
that regulate oxidative adaptations of human skeletal muscle
(see Figure 2). From a practical perspective, this so-called “train-
low” paradigm has been translated as “fuelling for the work
required” whereby daily CHO intake is adjusted day-by-day and
meal-by-meal according to the upcoming activity and the
desired outcome of the exercise session i.e., promoting exercise
intensity versus stimulating metabolic adaptations (Impey et
al., 2018). Although such models of nutritional periodization are
gaining increased recognition amongst endurance sports

(Burke et al., 2018; Impey et al., 2018; Stellingwerff et al.,
2019), no such models have yet been developed for the profes-
sional soccer player.

With this in mind, the aim of the present review is to provide
a theoretical and contemporary overview of CHO requirements
for adult male players for both training and match play that
takes into account the periodization of physical loading within
and between contrasting microcycles. We also provide com-
mentary of potential CHO recommendations for players per-
forming concurrent training as well as those with unique
positional and training demands (i.e., goalkeepers). Our aim is
to provide a practical framework that may assist practitioners in
formulating daily CHO intakes which are deemed sufficient
according to the typical loading patterns experienced by



JOURNAL OF SPORTS SCIENCES 1001

(panunuod)
(9
91 (95-0) S9L€-1TTE) -99)
- - -0)0S F9 9L FE€C - - YZEL F €6VE LL ¥ 09 L-aw
(€ (€74} (58
-8l1) -601) (9555-£105) =L1)
- - ISF8C S9LF 1wl - - €9€L ¥ /875 CLF I8 ¢-aw
(ss (cee (L6
-9€) -861) (1059-9965) -€8)
- - LS F9 991 F 06l - - 89¢€L F V€79 8F /8 7-aw
(08
(LL (£L-11) (0025-059) -2L)
- - -0)0SF L 09l F v¥ - - CLEL ¥ SC6 9L F9L S-aw (9107)
Y Y = sauoz Kep 9]2A>0101w dyIPads Yyoea ojul s19he|d plAYINO ‘e
Wy Lpg< Wy 8'07< paads ZH 0L SdD UMOP U 0Iq UOSE3S B JIIA0 dbeISAY anbea Js1waid ysijbug €€ peayusny
- - €FC LLF91L 9y F 10l EF 6L FCl6T 0+ 0L L-aw
- - LF0 8C+9C 8SF6CL TF S 6¥l F £60€ 0+ 09 ¢-aw
- - 8F9 LSFS6 6CLFUY 9F08 90 F €TCS 0F99 €-aw
- - 0F0 ELF8L  LEFOILL €F69 0T F 6VEY 0F¢9 7-aw (S102)
Y LAy LAy = sauoz7 s19fe|d plRYINO ‘le 1
‘WY 7'ST< TST-86L 86L-vL paads ZH QL SdD Ul ped| aam aweb | e o} abelany anbea Ja1waid ysijbug g uosispuy
- - - 0L F ovlL - L F6L 18SL F ¥LLY LZF 19 6€ A99M
- - - €1 F SCC - 9F S8 IZLLF 5019  €LFTU YT 99M
- - - 6CC F £VC - 6+ 18 L¥8L 7819 9T+ SL JAREEI (S102)
Y = sauoy7 uoseas ul 3y} Jo sabeis Juasayip siakeld ‘e
wy 8'61< paads ZH SL SdD woly S9PA20IIW UOSeIS-Ul € anbea Ja1waid ysi|bui o€ 19 auojepy
uoseas
Ll F6C 0L F8lL - S6 F60L 8LT ¥ 9ty 8F €9 8¢0L + SPSE 9L F LS ul )oam g¢ (S102)
Y Ll = sauoy7 papnppul 1ou dnuwiiem siakeld ‘e
S/W €< /S/W €< Wy gL WY pL< paads ZH 0L SdO 3Y} Y1M BIep Uoseas u| abelany anbea Jalwaid ysijbuy gz ouipnen
- - - 0F0 - 1'€ ¥ 6'8¢ 06L F LLET - v
- - - 0F0 - 8T+ 0°LE Ll FTeee - €n
- - - ¥l F9C - 06 F L'€E 02, F L¥9T - n
- - - 0F0 - SYF9°0v €LT F 8EWC - Ln
- - - ¥ ¥ 89 - €SF6'C6 795 ¥ ¥9¢6 - ¥ IH
- - - 60l F €55 - 0'S +08L 89T ¥ /L8Y - €M
- - - 6S€ F ¥LS - TOLFE€T6 ¥LSLF098'LL - CIH
- - - oL F Thv - 6CFCE8 76S ¥ /89 - LIH suolssas bujuresy (102
1y = sduoz Aususyur moj pue Aysuaiul ybiy siakeld ‘e
‘wy 9'17< paads ZH G SdD y1og wouj elep bujuresy aberany anbea Jalwald Ysinods 0L 19 uamQ
- - 8EF LT TLLF9LL 08l F ¥be - €8LL F 906¢ L1+ 09 11V
- - 8CF /L  LLF L6 €8l FL¥E - 8ELL F8Ll9¢  LLFSS WM
- - LEF LT SOLF80L TEEF Ty - 8ESL F €ELY 0T ¥ 89 WD
- - €EEFOC 68FCLL 8LTFO0LE - 0¢L F /¥9€ 8L F9S am
- - LEFOL [LSFTL 8TLFS8T - Y0CL ¥ 86¥€ 8L F VS a (€107)
Y LAy LAy =s2u07 papnpul Jou dnuwiem siakeld ‘e
WY TSE< TSC-86L 86lL-VYlL paads ZH Sl SdD 3Y3 Yyum ejep uosess ui abesany anbeat sa1wald ysiibuz 9¢  oulpnen
HERET! HERRIY (w) (w) (w) (uw (w) (Surw) uoseas ay} pasn S9I0N spafqng ERIEYETEN
funuuds  Buluuny  dduelslg  /w) ANUIW AdUE)SIJ [BIO]  UOIRING  JO ASRYJ/UOISSIS wsAs
paads buiuuny 134 S9N Jo adA]/uonisod
ybIH

*$OU13W §d9 pauodal Ajuowwod yum passaidxa peo| buluiesy edisAyd uoseas-ul paysijgnd Ajsnoinsid Jo malAIdA0 uy “| d|qe]



1002 L. ANDERSON ET AL.

(panunuod)

- - - LLLF eVl TLLFEVE 671 F6'99 €501 F 98P - L-aw
- - - 00C + 9T 6T FTES VTl FTEL TLIL F10LS - ¢-aw
- - - OVC + LVC 69T F €79 V8 F1'€8  9¥8L ¥ 6169 - €-aw
- - - (8 F /Ll TBLFECS VELFL08 ¥SOLF£L09 - 7-aw
- - - 65C ¥ L6E 09€ ¥ 066 L'8LFT90L 09l F €90L - S-aw
- - - 8LL +8EL LLEFE€LS V6L F8L8 TTYL FLLT9 - +aw
- - - ¥8 F9SL 6CZFYLS L'LLFOY8  L69L F €209 - L+aw 1J puod3s yang pue (6102)
Y Ll = sauoy7 uoseas Ul SY9IM / UOISIAIQ PU023S 3sanbnyiod ‘e 1
wy 0z< Wy 0Z-vL paads ZH 0L SdO 10} elep Ul pea)| A|iep abelany 9y} Y10q woly s19keld 67 dudwdD
1T F LS LT F 65 8LF8 LS F0S - - 709 ¥ S/9T - L-aw
L€ ¥ 66 LE F Y01 8T+l VL F L8 - - 029 + Leey - -aw
v ¥ 80L v F6LL  8EFPHE 6LL F8IT - - 90¢C1L ¥ €095 - €-aw
€EFGLL LEFBCL  09F95 6Vl F9C - - S06 F €TLS - 7-aw
Yy ¥ 19 9 F 99 LEF LT gL FSTl - - 6901 F LT8¢ - 4 L+aW (81L02)
6v F /€L ¥S F vl vy +9¢ 0L + L0L - - 06 + 9¢Cs - D L+aw ‘e 1o
Ll Y = sauoy7 UO0Seas Ul J1IJU3 ue I3A0 siake|d epJen
/S/w €< S/WES WY TG uy gpL< paadg ZH 0L SdD  Aep ul pes| yoea Joj peo| abelany 9AI3s9Yy ebq e ysiueds 4z -ulJep
- - l €6 - L'v9 11333 - L-awW
- - 9l SL - 06 SSLS - -aw
- - oy Ll - 6L %99 - €-aw
- - LL SL - L'6L €189 - 7-aw (£107)
Ay LAYy = sauoz uoseas Ul Sya9m 9 ‘e
WY T'6Z< TST-9'LT paads ZH 0L SdO 10} e1Ep UI pE3d| A|lep abesany  siafe|d anbea Jadng sSImS 9| 19 UaIMQ
(99¢
(0-v1) (0-06) (€-sT0) -8'65) (0891-95€7) (9v)
- - LFS SEFVC  LLFLl6 QLFSLY GGE F /81T 0F9Y L-/¢+an
(sLL (%47
(0 (¥-02) -SL€) -0'89) (6£97-8StY) (€9)
- - -0V FT STFLT TILFLLL SECFO6SY 6l 598 9T F TS L-/¢+an (ez10T
Ay LAYy LAYy = sauoz suoIssas bujuresy siakeld “le 1
‘WY T'SC< TSC-86L 86L-tYL paads ZH 0L Sd9 L-/T+AW ¢ 10 e1ep abesony anbea Jalwald ysijbug 9 uosispuy
(8F¢€0) (8 F97)
oL F ¥ €L FSS - €5 F90L LOL ¥ 8C¢E - Sy F 8v8¢ LF6S L-aw
(LlLF60) (SL ¥ sp)
LLF+ 99 lZ+ 18 - 80L + /L 9SGl ¥ 0LS - 188 + 61¢CS [4EYA -aw
(LlLF0€) (EL F ¥¥)
8L F 9 SCF 8 - YEL ¥ 18T 61T F 769 - 88LL ¥ 0CL9 LFT8 €-an
9L F 6¥) (81 ¥ 99)
€C + 86 e ¥ LEL - S8 F 6¥C 69l F vE8 - €L6 ¥ /9L Ll +88 7-aw
(5 (o (7-QW w0y ul peaT) (£107)
/W €<) /W €<) Ay LAYy = sauoz (onowuy) Kep 9]2A>0151w dyIPads Yyoea ojul siakeld ‘e
SIWE-GL S/WE-GL ‘wy 86L< 86l paads ZH L€ WdT UMOP UX0Ig UOSeSS B JIAO0 3beIaAy PISYINQ ASIAIPIT Y2INQ 8T 19 SUIASIS
s|929Q HE»s1Y (w) (w) (w) (ulw (surw) uoseas ay} pasn S9I0N spafgns dURIYRY
Bunnuuds  Buuuny  ddueIsig  /w) Anuiw uorleing  Jo 3seyd/uoissas wR1SAS
paads buluuny 134 SN Jo ad£]/uonisod
ybIH

“(panupuod) °L 3jqeL



JOURNAL OF SPORTS SCIENCES 1003

(panunuod)
- - - LL¥96 - €L F LLT 801 F SveEv LF /L (sso7) L+aw
- - - 0L FS0L - 0L F 65C 79 F voEY 0F6lL (meaq) L+aw
- - - Ll ¥ 60l - €L F0SC 69 F 6Lt L F6l (ww) L+aw
- - - L FSS - TF9€ €LL Fogee C+16 (sso7) L-aw
- - - 8L F LEL - TF9¢ €51 F L6ES TFS6 (meaq) L-aW
- - - L F98 - L F &b 85 F 679¢ L +68 (um) L-aw
- - - 9L ¥ 9T¢ - LF0L 98 F 6019 7¥88 (ss07) Z-aW
- - - 6L F09L - CFI8 8€L F /1SS L ¥69 (meaq) z-aw
- - - Ll F91T - LF€L 65 F 695 L ¥08 (um) T-aw
- - - Sl F £0€ - €F 16 wlF60LL L+9L (sso7) €-aw
- - - T F €€t - €F /8 €L F 009 L¥8/ (meaq) €-aw
- - - 9L + LT - L +¥8 0l F vt/9 L +08 (um) €-aw
- - - 74 - F8L OLL ¥ /819 CF6L (sso7) ¥-aw
- - - YL F vLT - L F08 €8 F GL£9 L¥8 (mesg) v-aw
- - - 8L F L6C - L ¥08 06 F 89%9 LF18 (um) -aw
- - - ST ¥ S6¢ - SFOLL €8 ¥ 97¢/ ¥ 99 (sso07) s-aw
- - - 8l F ¥8¢ - rFTel 66 F CLLL L F o€ (meiq) s-aw
- - - LT F 6LC - Ty F9Cl 6L ¥ 900/ L +99 (um) S-aw 24nixy (0z02)
Y = sauoy7 Buipadaid ay3 ul ssoj Jo meip (wea} anbea suoidwey)) ‘e
wy 6L< paads ] ZH 0L SdO ‘Ulm e J9)ye elep ul pea| abesany s19fe|d ebI7 Ja1WRId 07 19 RIIBAIIO
- - - 90L ¥T6 Tl¥ FCee - 00ZL ¥ €9/C - L-aW
- - - 9CL ¥ TEL T6Y F 9¢y - SLyl + L0vE - ¢-an
- - - 6vL F /9L 965 F 095 - 8¥9L ¥ 06Ll% - €-aw
- - - 89l + LVl ¥/9 + €8y - 0S8l + £L6¢ - 7-aw
- - - LEL FTEL 91S F 86F - SSPL F €LLE - AW
LAYy el = Sauo07 UOSeas Ul 3J1Ud ue J9A0 si1afe|d (0207)
TST-86L WY pyL< paads ZH 6L SdD  Aep ul pes| yoea Joj peo| belany anbea Ja1waid ysi|bu3 9z  ‘je 13 A||9y
- - EFE LLF /L1 96 ¥ 0¢l - L0V F S€LT 0+9L 1-aw
- - 9 F ST 99 + 65C 8L ¥ 59, - €8Y + 609 0+ /LL -aw
- - 9E FLE 86 F €9l SSTF €95 - 80CL ¥ 88€S €F19 €-an
- - 0F/8 8UFEWT 6ELF68L - €67 F 6899 LFLE 7-aw (a6102)
Ay LAYy LAYy = sauoz sapAooniw (weay anbeaq suoidweyd) ‘e
wy yZ<  6'€C-6L  6'8L-¥L paads ZH 0L SdD X29m Jad sweb | wouy eyep abesany s19he|d ebi7 Ja1wRId €1 19 BIBAIIOD
- - - Gl F 6L - 9L FT9 TILFSHSY  €LFE€eL 0L dphoossy
- - - 9l F ovlL - L'TF 069 ¥0C ¥ LTOS 8L F 6T 6 3Ad0saN
- - - GL ¥ 8SL - €L F €69 ELLFOSLS TLFSVL 8 3053y
- - - 0L FvelL - 6LFTL9 LLF 0SS LLF5SL £ 3phosapy
- - - GLF €9l - LLFTEL €TLFTCELS SLFLIUL 9 apAdosapy
- - - LFT6 - L'ZF0LL LELF VIV VT F9€9 § dphdosapy
- - - Sl F sl - CCF L0L VLLFLLLS 9L F€U ¥ 9PA>osa
- - - 6L F T8l - L'LF0VL CELFL69S 6L FVLL € dphdosapy
- - - L1 F 26l - 60+ 899 9SL ¥ 8¥CS 9L FV¥'8L T 3phosapy
- - - Yl F LTT - L'L ¥9'89 00L ¥6855 L'LF918 L 3pAd0sap uosess (e6107)
Ay = sauoz ul 9y} 1noybnoiyl sapAd0saW (wea) anbeaq suoidwey)) ‘e
wy 61< paads ZH 01 SdD 0l wouy eyep bujuiesy abesany s19fe|d ebi7 Ja1wRId 61 19 BIBAIIO
|99 HERRIV] (w) (w) (w) (uw (Ssurw) uoseas ay} pasn S9I0N spafgng ERlIEYETEN
Bupnuuds  Buuuny  ddueIsig  /w) ANUiW uoneing  Jo Iseyd/uolssas w)sAs
paads buluuny  43d SI9WBW Jo adA]/uonisod
ybIH

‘(penunuo)) ° 31qeL



3|qe|ieA. e1ep ON = — ‘SUOIIRIF[3IDQ = S|929( ‘SUONRIBIIIY = S|V ‘A19A0d3Y = Y ‘Buluonipuo) =
9 ‘Ae@ Yo1e = AW ‘UOISSaS A1ISUSIU| MOT = [ “UOISSIS ANSUSIU| YBIH = |H ‘SIN2e1Y = 11V ‘SI9PISUPIN SPIM = WM ‘SISPISYPIN 213U = |\ ‘sIapusad apIM = M ‘sIapuajaq [enua) = @) ‘swiaisks Buluoiisod [eqolD = Sdo

- - - 6F8L - TLF LT 78 ¥ 80€¥ LF9L (Remy) L+aw
- - - LLF €0l - 9l ¥ 0l VLl + Levy £€+9C (dWoH) L+aW
- - - S ¥ 69 - LF [9 F CShE lL+€8 (Remy) L-aW
- - - LF0L - L+ 9 F ¥9¢ 1l +98 (PwoH) L-aw
- - - 7L ¥ 807 - L FeL 85 F TLLS 0F6L (Remy) z-awW
- - - 0L ¥ €0¢C - L+¢L L9 F TL9S L +8L (woH) Z-aw
- - - 9l ¥ 8¢€C - l +88 99 F 989 lL+6L (Remy) €-aw
- - - €l ¥ 9¢C - L¥T8 CLL + ¥799 lL+18 (dwoH) €-aw
- - - LLFELT - T8 ¥TL F 0759 LF 4L (Remy) y-aw
- - - 8L +TS¢C - L +9, S6 + 9519 L+18 (dWoH) ¥-aw
- - - 8C ¥ 9LE - SF6cCl 0CL ¥ LleL ¢+8S (Remy) s-aw
- - - 6L F ¥5C - 9 ¥ 0¢l 891 + 150L €+ LS (PwoH) s-aw (L20?)
Y = sauoz yorew Keme (wea} anbea suoidwey)) ‘e
wy 6L< paads ZH 0L SdD 10 dwoy e Jdye eyep ul pes| abesany s19fe|d eBI7 JB1WRId 07 19 BIIBAIIO
S ¥ 8¢ V¥ LE - 8y F €81 - - SV ¥ STLE - L-aw
9F LE 9 F6C - 89 + 66 - - €65 + SCLE - C-aw
8 F /S 6 F (S - 8S F ¥LE - - 885 + 0685 - €-aw
LL+ €L ¥l +0L - €8 F VLL - - 9€9 + 19¢S - 7-aw (L200)
Y = SaU07 uoseas Ul d113Ud Ue I9A0 ‘e
SMW TS S/WGT< wy 1z< paads ZH 0L SdD  Aep ul pes| yoea Joj peo| belany s19fe|d ebi7 eq ysiueds gz 39 eudy)
s|939Q HERRIV] (w) (w) (w) (uw (w) (surw) uoseas ay} pasn S9I0N spafgng ERIEYETEN
bunuuds  Buiuuny  duelSIg  /w) dNUIW  DURISIJ [PI0]  UOIRING  JO ISBYJ/UOISSDS wisAs
paads buiuuny 134 S9N Jo adA]/uonisod
ybiH

‘(penunuod) °| 31qeL

L. ANDERSON ET AL.

<
o
o
—



JOURNAL OF SPORTS SCIENCES

e

Cytoso|

1005

Exogenous CHO

GLUT4

¢ / |

Hugh fat meal
° e @ Leucine enriched protein

CD36/FABPM

p70S6K 4EBP1
(Iranslatlon) (initiation)

Ft

IMTGs \

PPARE

Glycogen

e

CPT1, CD386, HSL, PDK4,
PGC-1, Tfam, Drp1, Mfn2, COX
subunits

COX subunits

Nucleus

Mitochondria

Figure 2. Schematic overview of the potential exercise-nutrient sensitive cell signalling pathways regulating the enhanced mitochondrial adaptations associated with
training with low CHO availability. Reduced muscle glycogen enhances both AMPK and p38MAPK phosphorylation that results in activation and translocation of PGC-1a to
the mitochondria and nucleus. Upon entry into the nucleus, PGC-1a co-activates additional transcription factors, (i.e. NRF1/2) to increase the expression of COX subunits
and Tfam as well as autoregulating its own expression. In the mitochondria, PGC-1a co-activates Tfam to coordinate regulation of mtDNA and induces expression of key
mitochondrial proteins of the electron transport chain, e.g., COX subunits. Similar to PGC-1a, p53 activity is also increased in response to exercise in conditions of low CHO
availability upon which it translocates to the mitochondria to modulate Tfam activity and mtDNA expression and to the nucleus where it functions to increase expression of
proteins involved in mitochondrial fission and fusion (DRP-1 and MFN-2) and electron transport chain protein proteins. Exercising in conditions of reduced CHO availability
increases adipose tissue and intramuscular lipolysis via increasing circulating Adrenaline concentrations. The resulting elevation in FFA activates the nuclear transcription
factor, PPARS to increase expression of proteins involved in lipid metabolism such as CPT-1, PDK4, CD36 and HSL. However, consuming pre-exercise meals rich in CHO and/
or CHO during exercise can down-regulate lipolysis (thereby negating FFA mediated signalling) as well as reducing both AMPK and p38MAPK activity thus having negative
implications for downstream regulators. High fat feeding can also modulate PPARS signalling and up-regulate genes with regulatory roles in lipid metabolism (and down
regulate CHO metabolism) though high fat diets may also reduce muscle protein synthesis via impaired mTOR-p70S6K signalling, despite feeding leucine rich protein.
Performing resistance training activates mTORC1, however, performing aerobic training within proximity may activate AMPK mediated signalling that impairs mTORC1
activation. Abbreviations: 4EBP1; eukaryotic translation initiation factor 4E-binding protein 1, AMPK; AMP-activated protein kinase, CHO; carbohydrate, COX;
cytochrome ¢ oxidase, CPT1; carnitine palmitoyltransferase 1, DRP1; dynamin-related protein 1, FA; fatty acids, FABP; fatty acid-binding protein, GLU; glucose, HSL;
hormone-sensitive lipase, IMTG; intramuscular triglycerides, LAT1; large neutral amino acid transporter, LEU; leucine, Mfn2; mitofusion-2, mTORC1; mammalian target
of rapamycin complex 1, p38 mitogen-activated protein kinase, p70S6K; ribosomal protein s6 kinase, PDK4; pyruvate dehydrogenase kinase 4, PGC-1a; peroxisome
proliferator-activated receptor gamma coactivator 1-alpha, PPARS; peroxisome proliferator-activated receptor, Tfam; transcription factor A.

professional male soccer players. It is our current opinion that
daily CHO requirements should operate on a sliding scale of 3—
8 gkg™' body mass (BM) depending on the specific training
scenario, fixture schedule and player-specific training goals (see
Table 2). Above all, it is hoped that our present viewpoint may
stimulate further research to assess the efficacy of CHO period-
ization strategies for soccer players. We also consider that CHO
periodization should not be practiced by youth (Hannon et al.,
2021) or female players (Morehen et al., 2021)given the nega-
tive health and performance outcomes associated with
reduced energy availability in these populations.

2. CHO requirements of soccer match play
2.1 Metabolic demands of soccer match play

Professional players typically cover distances of 10-13 km per
match (Bloomfield et al.,, 2007) with the vast majority of this
distance classified as low-to-moderate intensity speeds (speed

0-19.8 km.h™") (Bradley et al.,, 2009), whereas high-speed running
(HSR) (speeds >19.8 km.h™") accounts for ~8% of total distance
completed (Rampinini et al., 2007). Additionally, the physical and
technical demands of match play are increasing such that high-
intensity distance, sprint distance, number of sprints and suc-
cessful passes per player have increased between the period of
2006-07 to 2012-13 (Barnes et al., 2014). Such developments in
physical and technical demands further exemplify the require-
ment that sufficient CHO is available for skeletal muscle and the
central nervous system during match play. In a cohort of Danish
players, Krustrup et al. (2006) observed that pre-game muscle
glycogen was 449 + 23 mmolkg™' dw and decreased to
225 + 23 mmolkg™' dw immediately after the match. Although
post-game glycogen concentration in whole muscle would sug-
gest sufficient glycogen available to continue exercising, analysis
of individual muscle fibre types revealed that 50% of fibres could
be classified as empty or almost empty. This pattern of depletion
or near depletion was evident in type lla and lIx fibres, the fibres
responsible for sprinting and high-intensity activity. As such,
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Table 2. Overview of suggested CHO requirements for male professional soccer players.

Typical daily external training load parameters(as

quantified during pitch-based training according  Suggested

Training to GPS; HSR denotes high speed running = >19.8 daily

scenario km/h) CHOrange Comments

Pre-season Duration: 60-180 minTotal distance: 3-12 kmHSR: 4-8 g/kg  Suggested range accommodates likely variations in loads (e.g. potential twice per
training >400 m BM day sessions, recovery days) as well as individual training goals (e.g. manipulation

of body composition to accommodate weight loss and fat loss or weight gain and
lean mass gain). For example, twice per day training structures would likely
require higher CHO intakes (e.g. 6-8 g/kg BM/day) whereas lower absolute
intakes may be required where players are aiming for body fat loss or training
intensity and duration is reduced (e.g. 4-6 g/kg BM/day).

In-season Duration: 45-90 minTotal distance: 2-7 kmHSR: 0- 3-8 g/kg  Suggested range accommodates likely variations in loads across the micro-cycle
training 400 m BM (e.g. low load days and MD-1 CHO loading protocols) as well as individual
(1 game per training goals (e.g. manipulation of body composition). For example, twice per
week) day sessions, MD-1 and MD+1 would require higher CHO intakes (e.g. 6-8 g/kg

BM/day) whereas lower absolute intakes may be required on other days of the
week (e.g. 3-6 g/kg BM/day) depending on training intensity, duration and
player-specific goals.

In-season Duration: <60 minTotal distance: <3 kmHSR: <50 6-8 g/kg  Suggested range accommodates the requirement to replenish muscle glycogen
training m BM stores in the 48-72 h period between games. During this time, it is suggested
(Congested that players consistently consume CHO within this range so as to promote
fixture glycogen availability.
periods)

Off-season N/A <4 g/kg Suggested intake accommodates the cessation of normal training loads, to avoid
training BM gains in fat mass. Note, for players who may be undergoing higher training loads

(e.g. off-season training programmes CHO intake should be increased accordingly.

CHO = Carbohydrates, GPS = Global Positioning Systems, HSR = High Speed Running, BM = Body Mass

muscle and liver glycogen depletion are commonly cited as a
contributing factor for the progressive reduction in high intensity
running and sprinting that occurs throughout the course of a
game (Mohr et al., 2003).

2.2 CHO requirements on match day minus 1 (MD-1)

Given the role of muscle glycogen in promoting high-intensity
intermittent exercise performance (Balsom et al., 1999; Saltin,
1973), the major goal of nutritional interventions in the day
prior to the game (often referred to as match day —1) is to
maximise muscle glycogen stores (i.e., CHO loading).
Professional players are likely to achieve high glycogen stores
with 24 h of a CHO rich diet (Bussau et al., 2002) providing that
training intensity and duration is significantly reduced on MD-1
(Anderson et al., 2015; Malone et al., 2015; Martin-Garcia et al.,
2018; Stevens et al., 2017). To help promote muscle glycogen
storage, it is recommended that players consume larger portion
sizes and frequency of high glycaemic index foods and drinks
(Burke et al., 1996, 1993), where daily intakes should equate to
at least 6-8 g.kg™". It is noteworthy, however, that professional
players from the English Premier League (EPL) are reported to
only consume 4 g.kg~' on MD-1 (see Figure 3), values that may
reduce total distance covered on match day when compared
with 8 g.kg™" (Souglis et al., 2013). Despite such clear rationale,
we acknowledge that further research is required to verify the
glycogen cost of match play in elite professional players as well
as the associated effects of muscle glycogen availability on
physical and technical performance during match play.

2.3. CHO requirements for the pre-match meal

Assuming that players have correctly loaded muscle glycogen
on MD-1, the role of the pre-match meal should be primarily to
promote liver glycogen storage prior to match play, a goal that
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Figure 3. Daily carbohydrate intake in professional players from the EPL over a 5-
day testing period which consisted of two competitive fixtures. White bars = train-
ing day and black bars = match day. a denotes difference from MD-1, b denotes
difference from MD+1, ¢ denotes difference from MD+2-1. CHO = carbohydrate,
BM = body mass, MD = match day. Data redrawn from Anderson et al. (2017a).

becomes even more important for late morning or lunch-time
kick-offs. Indeed, liver glycogen may be depleted by as much as
50% after an overnight fast and may not fully recover until early
evening, dependent on the frequency and dose of CHO con-
sumed (lwayama et al., 2020). Despite the potential effects of
pre-exercise CHO availability on performance, this has been
largely under-researched in team sport athletes when com-
pared with endurance athletes (Wu & Williams, 2006).
Nonetheless, recent research from academy soccer players
from the EPL demonstrates improved dribbling performance
during the second half of a 90-min soccer match play simula-
tion when a breakfast containing 80 g versus 40 g of CHO was
consumed (Briggs et al.,, 2017). Whilst the timing of the pre-
match meal changes according to kick-off time, it is still



recommended that this meal be consumed approximately
3 hours before kick-off and contain 1-3 g.kg™' of CHO.
Professional players from the EPL have been reported to con-
sume CHO intakes equating to 1-1.5 g.kg™" in the pre-match
meal, values that may be sub-optimal for performance when
considered with insufficient CHO intakes on MD-1 (Anderson et
al, 2017b).

2.4 In-Game CHO requirements

Carbohydrate feeding during exercise is likely to improve ele-
ments of match day performance when fed at a rate of 30-60 g.
hr' (Baker et al., 2015; Russell & Kingsley, 2014). Such ingestion
rates improve physical aspects of performance such as total
distance (Rodriguez-Giustiniani et al., 2019) and sprint distance
(Harper et al., 2017) as well as technical actions such as passing
(Currell et al., 2009), dribbling (Russell et al., 2012) and shooting
(Russell et al., 2012). When considering the duration of the
warm-up (e.g., 20-30 minutes) and match play itself (e.g., 90-
95 minutes), this ingestion rate corresponds to an absolute
dose of CHO equating to 60-120 g per game. Given the prac-
tical difficulties of fuelling during match play itself and that
exogenous CHO oxidation rates are dependent on CHO feeding
pattern (Mears et al., 2020), we suggest that players may benefit
from CHO intake at the beginning (20-30 g) and end of the
warmup period (20-30 g), the half-time period (20-40 g; an
opportunity to consume a higher dose of CHO due to the
increased time to consume whilst stationary) and if possible,
the second half (20-30 g). We acknowledge, however, that such
a feeding regimen (and indeed the optimal match day CHO
strategy) has not been experimentally tested. Additionally,
players should practice and refine their strategy during training
and friendly games. From a format perspective, the provision of
both CHO gels and sports drinks should be available for players
to account for their individual preference during such times,
especially when considering there is no difference between
formats in relation to rates of exogenous CHO oxidation, gut
comfort and exercise performance, albeit when tested during
endurance exercise conditions (Guillochon & Rowlands, 2017;
Pfeiffer et al., 2010). Similar to MD-1 and pre-match meal, we
also observed that professional players from the EPL do not
readily achieve in-game CHO guidelines (Anderson et al.,
2017a).

2.5 Immediate post-game CHO requirements

In relation to acute muscle glycogen re-synthesis, the general
consensus is that consuming 1.2 g.kg~"h™" of high glycaemic
CHO for 3-4 hours is optimal to facilitate short-term glycogen
re-synthesis (Burke et al., 2016). Importantly, post-match feed-
ing should begin immediately after match play (i.e., in the
changing room) as this is when the muscle is most receptive
to glucose uptake and glycogen synthesis (lvy et al., 1988). In
contrast to muscle, the optimal CHO feeding schedule to pro-
mote liver glycogen re-synthesis is not yet understood. Post-
exercise ingestion of sucrose (5 hours of 1.2 g.kg™"h™") is super-
ior to matched doses of glucose in facilitating liver glycogen re-
synthesis over a 6 h period in recovery from glycogen depleting
endurance exercise (Fuchs et al., 2016). Although this feeding
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schedule is not directly applicable to the football player, such
data suggest that fructose containing foods and drinks would
be beneficial in acute recovery from match play. Despite the
unequivocal evidence supporting an “hourly” CHO feeding
schedule, post-match intake of CHO has also been identified
as an area where players may not adhere to best practice
guidelines, especially in recovery from evening games. For
example, in recovery from a match commenced at 8:15 pm,
EPL players reported consuming <1 g.kg™""h™" in the initial 2 h
recovery period whereas CHO intake across similar timescales
in recovery from a 4:15 pm kick-off increased to 1-1.5 g.kg~"h™"
(Anderson et al., 2017b). Whilst no definitive reasons were
reported, such differences between kick-off time may be due
to the fact that players may not feel like eating or drinking after
late night games and/or the logistical challenges of ensuring
food availability during these times, especially in those
instances where recovery corresponds with intense travel
schedules.

2.6 Carbohydrate requirements on match day plus 1 (MD
+1)

Given the time-course required to fully replenish muscle glyco-
gen (i.e, 24-72 h exercise), there is also the requirement to
consume adequate CHO on the day(s) after the match, often
referred to by practitioners as MD+1. In the previously cited
study, the EPL players were required to compete in another
competitive game 72 h later and yet, daily CHO intake in the 48-
h period between games was only 4 g.kg™' (Anderson et al,,
2017a). Such data are considerably less than the range of 6-9 g.
kg™' that has been documented to facilitate glycogen re-
synthesis in a cohort of Danish players within 2-3 days of
match play (Gunnarsson et al., 2013; Krustrup et al.,, 2011).
Nonetheless, it should be noted that whilst recovery of glyco-
gen appeared complete when assessed in whole muscle homo-
genate and type | fibres at 48 h post-match play, complete
restoration of type Il fibres was still not apparent (Gunnarsson
et al., 2013). These data clearly highlight the need for high CHO
intakes in recovery from match play, especially in those situa-
tions of two and three games per week microcycles (see
Table 2).

3. CHO requirements of soccer training

3.1. Activity profile and glycogen utilization during
soccer training

Despite more than four decades of research examining the
physical demands of match play (Reilly & Thomas, 1976),
detailed analysis of the customary training loads of elite soccer
players is comparatively recent. With the advancements in
Global Position System (GPS) technology, it is now common-
place for elite clubs to quantify the physical loads associated
with training according to a variety of GPS metrics e.g., total
distance, high-speed running, accelerations and decelerations
(Akenhead et al., 2016; Anderson et al., 2016, 2015, 2017a;
Malone et al., 2015; Martin-Garcia et al., 2018; Oliveira et al.,
2020; Stevens et al.,, 2017). An overview of the in-season train-
ing load research is presented in Table 1. Such data
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demonstrate that the absolute training loads are not as high as
those experienced in match play, as evidenced for total dis-
tance (e.g., <7.3 km vs. 10-14 km) (Bangsbo et al., 2006), high-
speed running distance (e.g., <300 m v > 900 m) (Bradley et al.,
2009) and sprint distance (e.g., <150 m v > 200 m) (Di Salvo et
al.,, 2010). In contrast to match play where loading patterns is
largely dependent on player position (Mohr et al., 2003), playing
formation (Bradley et al., 2011) and technical ability (Bradley et
al., 2010, 2013), the absolute daily loading during training is more
complex and is dependent on a multitude of additional factors.
For example, phase of the season (Malone et al., 2015; Oliveira et
al., 2020), player position (Anderson et al., 2019b; Malone et al.,
2015; Oliveira et al., 2020; Owen et al., 2017) coaching philosophy
(Anderson et al., 2015; Malone et al., 2015), frequency of games
(Anderson et al., 2015; Morgans et al., 2014a), player starting
status (Anderson et al., 2016; Martin-Garcia et al., 2018) and
player-specific training goals such as manipulation of body com-
position (Milsom et al., 2015) or rehabilitation from injury
(Anderson et al.,, 2019a; Milsom et al., 2014) can all independently
or collectively affect the total load accumulated over a weekly
microcycle. Unlike match play, the glycogen cost associated with
the habitual training loads completed by professional players
have not yet been studied. In a soccer-simulated training proto-
col (based on motion analysis from training sessions completed
by Korean professional soccer players) performed on a motorised
treadmill, Jeong et al. (2015) reported glycogen depletion of only
20%, considerably less than the 50% depletion previously
observed in match play studies (Krustrup et al., 2006). Although
such protocols are limited due to omission of technical actions
and changes of direction, etc., such data considered in combina-
tion with real-world training load data (see Table 1) suggest that
the glycogen cost of training is likely not as great as match play.

3.2. CHO requirements for soccer training

On the basis of different physical loads associated with training
and match play, we suggest that daily CHO and within day CHO
distribution patterns should differ accordingly. Aside from the
theoretical rationale of enhancing elements of training adapta-
tion (as discussed below), CHO periodization strategies have a
more straightforward and primary goal, that is, simply match-
ing energy intake to energy demands. With this in mind, the
principle of “fueling for the work required” is a practical frame-
work to adjust CHO intake day-by-day and meal-by-meal
according to the metabolic demands of the upcoming training
sessions (Impey et al., 2016, 2018).

However, the rationale for practical application of CHO peri-
odization strategies is further developed on the premise that
commencing and/or recovering from exercise with reduced
CHO availability up-regulates cell signaling pathways that regu-
late oxidative adaptations of human skeletal muscle, the result of
which may culminate in enhanced training adaptations and
improved exercise performance. It is noteworthy, however, that
although numerous independent laboratories have demon-
strated enhanced skeletal muscle adaptations associated with
CHO periodization, such muscular adaptations do not always
manifest as improved exercise performance outcomes (see Gejl
& Nybo, 2021 for a recent meta-analysis). Additionally, it should
also recognise that the majority of the research completed in this

area has been completed using endurance training protocols
where cycling is the most frequent exercise modality (see
Impey et al., 2018 for a detailed review). Nonetheless, we pre-
viously observed that commencing high-intensity intermittent
running (using a model aligned to the training-intensities asso-
ciated with small sided games, i.e.,, 6 X 3 min bouts of running
completed at 85-90% VO,.y) With reduced pre-exercise muscle
glycogen (and without provision of CHO during exercise) aug-
ments training-induced up-regulation of oxidative enzyme activ-
ity in both the gastrocnemius and vastus lateralis muscle, as
compared with conditions considered of normal pre-exercise
muscle glycogen and consumption of CHO during training
(Morton et al., 2009). It should also be noted, however, that
many of the previous models of CHO periodization studied
within the literature have incorporated models of CHO restriction
that may not always be practically applicable to the professional
player, e.g., training twice per day with limited recovery between
sessions, training late in the evening followed by a fasted training
session on the subsequent morning (the so-called sleep-low
train-low model) etc. (see Impey et al,, 2018; Burke et al., 2018
for a detailed discussion of such models).

It is noteworthy that professional players have reported lim-
ited evidence of CHO periodization across the weekly micro-
cycle. For example, Brinkmens et al. (2019) reported daily CHO
intakes of 3.9 g.kg™" and 3.7 g.kg™" in professional players from
the Dutch Premier League on training and rest days, respectively,
versus 5.1 g.kg™" on match days. Additionally, we also observed
comparable CHO intakes of 4 g.kg™" in EPL players during train-
ing days (Anderson et al., 2017a) though such days were also
indicative of MD-1 and MD+1, thus highlighting that nutritional
preparation for match play may be sub-optimal (Burke et al.,
2011). Whilst we acknowledge that the doubly labelled water
(DLW) mediated assessments of energy expenditure (EE) does
not provide day-to-day assessments, the energy expenditure (i.e.,
approximately 3000-3500 kcal/d, equivalent to ~48-55 kcal.kg™
LBM) reported in such studies (Anderson et al., 2017a; Brinkmens
et al., 2019) nonetheless provides a basis for which to formulate
daily CHO requirements. Indeed, given the daily protein recom-
mendations for athletes (i.e. 1.6-2 g.kg™") and recommended fat
intakes equivalent to 30% of total energy intake (Collins et al.,
2021), it is reasonable to suggest that average daily CHO intakes
of 3-6 g.kg™" during training days (that are not aligned to MD-1
or MD+1) would be sufficient to meet daily energy requirements
that encompass the typical range in daily training intensity and
duration associated with in-season training schedules.

3.3 Practical CHO periodization strategies for soccer
players in a one game week

On the basis of the fuel for the work required approach and
assessments of energy expenditure in professional players, we
provide a theoretical overview of day-by-day and meal-by-meal
CHO intakes as communicated using a red, amber, green (RAG)
rating model (see Table 3). Given that the most frequent model
of training for adult male professional players is a “morning”
training session, our suggested model is based on commencing
this on-field morning session with reduced CHO availability (if
players complete two sessions per day or an evening training
session, further models of CHO periodization could be
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Table 3. Suggested practical model of the “fuel for the work required” CHO periodisation paradigm as applied to professional soccer players during a one game

per week schedule.

Typical Loads Breakfast

Monday (MD+2) No Training

Duration = 70-80 mins
TD = ~5000m
HSR = <100m

PM Resistance Training

Tuesday (MD-4)

Duration = 80-90 mins
TD = 6500m
HSR = 300-600m

Wednesday (MD-3)

Duration = <70 mins
TD =<4500m
HSR = <100m

Thursday (MD-2)

Duration = <60 mins
TD = <3000m
HSR = <50m

Friday (MD-1)

Breakfast

Duration = 90 mins
TD ~11 km
HSR =~1000m

Saturday (MD)

Breakfast

Sunday =S (MD+1) Recovery Session

Duration = 70 Mins
TD = ~6500m
HSR =~1200m

Sunday = NS
(MD+1)

MD = Match Day, TD = Total Distance, HSR = High Speed Running, CHO = Carbohydrate, S = Starters (players who have completed >60 minutes of match play), NS =

Non-starters (players who have completed <30 minutes of match play)

During Training

Pre-Match Meal

During Training

Lunch Snack(s) Dinner

NO TRAINING

During Game Post-Match

developed). In our chosen scenario, a one game per week
microcycle is presented whereby daily CHO intake on training
days is equivalent to 4 g.kg™' but increased to 8 g.kg™' on MD-
1, MD and MD+1. In accordance with the lower physical loading
on training days, CHO intake is reduced at breakfast and no
CHO is consumed during training. On such days, the largest
portion of CHO is consumed in the post-training meal (i.e.,
lunch) to facilitate glycogen re-synthesis and take advantage
of the enhanced storage capacity in the initial 2 h period post-
training (lvy et al., 1988). Finally, CHO intake is reduced in the
evening meal owing to the fact that the upcoming physical
load on the subsequent day does not likely require high CHO
availability to complete the desired training demands.

3.4 Practical CHO periodization strategies for soccer
players in a two game week

With the growing demands of fixture congestion, profes-
sional players are often required to compete in two games

per week. In such scenarios, attention should now be
focused to increasing the muscle glycogen storage in pre-
paration for games and optimally restoring muscle glyco-
gen stores post-match play, a process that can take up to
72 h (Krustrup et al.,, 2011). Accordingly, we present a
further theoretical framework where players are largely
advised to consume a consistently high daily CHO intake
across the weekly microcycle (e.g., 6-8 g.kg™') (see Table
4). Nonetheless, to avoid potential “over-fueling”, it may be
prudent for those players with specific training goals (e.g.,
reducing body fat) or non-starting players to also adhere
to a moderate CHO intake on MD+2/MD-2 where intakes
could range from 3 to 5 g.kg™', as dependent on individual
circumstances. In periods of congested fixture schedules
that may involve a 3 game per week schedule (e.g., the
Christmas fixture period of the EPL), it is suggested that
players would benefit from a consistently high daily CHO
intake of 8 g.kg™' so as to ensure sufficient glycogen
availability for consecutive games.
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Table 4. Suggested practical model of the “fuel for the work required” CHO periodisation paradigm as applied to professional soccer players during a two game

per week schedule.

Typical Loads Breakfast

Duration = <45 minutes
TD =<2000m
HSR = <50m

Monday (MD+2/-1)

Breakfast

Duration = 90 mins

Tuesday (MD) TD ~11 km
HSR =~1000m
Breakfast
Indoor Recovery
Spin Bike = 20 minutes
Wednesday Foam Roll/ Massage =
(MD+1) 20 minutes
Pool = 20 minutes
CWI = ~10 minutes
Duration = <50 mins
('TJI';:SZ";;’) D = <2500m
HSR = <50m

Duration = <60 mins
TD =<3000m
HSR = <50m

Friday (MD-1)

Breakfast

Duration = 90 mins
TD ~11 km
HSR = ~1000m

Saturday (MD)

Breakfast

Sunday =S (MD+1) Recovery Session

MD = Match Day, Dur = Duration, TD = Total Distance, HSR = High Speed Running, CWI = Cold Water Immersion, CHO = Carbohydrate, S = Starters (players who have

During Training

During Training

Pre-Match Meal

During Training

Lunch Snack(s) Dinner

Pre-Match Meal During Match Post-Match

Snack(s) Dinner

During Game Post-Match

Dinner

completed >60 minutes of match play), NS = Non-starters (players who have completed <30 minutes of match play)

4. Concurrent training
4.1. Concurrent training in professional soccer

Soccer players require high levels of aerobic and anaerobic
capacity and the ability to produce powerful match-specific
movements (e.g., jumping, tackling, sprinting and accelerating)
(Mohr et al., 2003; Wisloff et al., 2004). In addition to “on pitch”
training, players therefore partake in strength-based training
sessions in the gym setting (Walker & Hawkins, 2018). Training
for both strength and endurance simultaneously is often
referred to as “concurrent training” (Fyfe et al., 2014). For soccer
players, the aerobic elements of match play are routinely devel-
oped using high-intensity sport-specific conditioning games/
drills and/or running drills, whereas maximal muscle strength
and explosive power is developed and maintained using high-
load resistance training (Morgans et al., 2014b; Silva et al., 2015;
Walker & Hawkins, 2018). Nonetheless, due to constraints asso-
ciated with available training time and competitive schedules
(Anderson et al,, 2015; Morgans et al., 2014b), professional

players frequently perform both pitch and resistance sessions
on the same day, usually with limited recovery and nutrition
between sessions. However, our previous assessments of train-
ing habits from professional players demonstrate that soccer
players often perform concurrent training in an “inconsistent”
order with strength training either completed before or after
soccer-specific training (Enright et al., 2017). As such, it is there-
fore important to consider how training order may influence
the magnitude of training adaptation from both a strength and
aerobic perspective. In this regard, the text to follow provides
an initial overview of the proposed molecular signalling path-
ways regulating both strength and aerobic-type adaptations.

4.2. Molecular regulation of endurance versus strength
training adaptations

It has been well documented that concurrent training can
result in a compromised muscle strength and (or) power capa-
city (for greater detail see; Wilson et al., 2012). This blunted



response in adaptation to strength training has been referred
to as the “interference effect” (Hickson et al., 1980). From a
molecular perspective, it is clear that strength training stimu-
lates muscle protein synthesis (MPS) (Bodine et al., 2001;
Drummond et al., 2009) via the activation of mammalian target
of rapamycin complex 1 (mTORC1) pathway, whereas aerobic
training adaptations (Saltin & Gollnick, 1983) are regulated via
the proliferator-activated receptor gamma co-activator 1 a
(PGC-1a) signalling axis (Perry et al., 2010; Pilegaard et al.,
2003). Although the molecular pathways underpinning both
aerobic and resistance training are becoming increasingly
understood, the precise mechanisms underpinning the poten-
tial interference effect are still in their infancy.

A significant inhibitor of the Akt-mTOR pathway activation is
frequently cited as AMP-activated protein kinase (AMPK) (Baar,
2014; Coffey & Hawley, 2017; Fyfe et al., 2014; Hawley, 2009),
which when phosphorylated activates the downstream target
PGC-1a (Puigserver & Spiegelman, 2003). AMPK is activated by
a fall in ATP (concomitant with a rise in ADP and AMP), leading
to an increase in the ADP/ATP ratio. As AMPK is phosphorylated
there is an increase in the activation of tuberous sclerosis
complex 1/2 (TSC1/2) which, in turn, is thought to cause the
inhibition of mTORC1 signalling, most likely by the de-
phosphorylation of Raptor-mTOR (Baar, 2014; Coffey &
Hawley, 2017; Fyfe et al.,, 2014; Hardie & Sakamoto, 2006;
Hardie et al., 2016; Hawley, 2009; Sanchez et al., 2012; see
Figure 2). In this way, the stimulation of the AMPK axis therefore
has the potential to reduce the post-exercise MPS response,
attenuating strength training adaptations (Baar, 2006).
Nonetheless, such ‘interferences’ are not consistently observed
as comparable improvements in resistance training adapta-
tions have been found in concurrent versus resistance training
alone (Cantrell et al., 2014; Glowacki et al., 2004; Laird et al.,
2016; McCarthy et al., 1995; McCarthy et al., 2002). This appar-
ent ‘control’ of the adaptive response may relate to the manip-
ulation of variables such as exercise order (Cadore et al., 2012),
between mode recovery duration (Lee et al., 2020), exercise
modes (Moberg et al., 2021), training frequency, intensity, and
volume (Fyfe et al,, 2014; Murach & Bagley, 2016; Wilson et al.,
2012) and nutrient availability (Camera et al., 2015). Moreover,
compared to trained athletes, untrained individuals have a
greater capacity to activate the molecular signalling responses
to contractile activity as the stimulus induces large perturba-
tions to cellular homeostasis (Benziane et al., 2008; Perry et al.,
2010; Nader et al., 2014) and caution should be taken when
interpreting research and applying it to elite athletic popula-
tions with an extensive training history.

4.3. Nutritional strategies for concurrent training

Given that muscle glycogen is the principal substrate during
both high intensity aerobic-type activity and strength training
(Bartlett et al., 2012; Hokken et al., 2021; Jeong et al., 2015), it is
crucial that players have sufficient CHO availability prior to
commencing both types of training sessions. Indeed, commen-
cing aerobic exercise with reduced muscle glycogen concen-
tration (<300 mmol.kg™" dry weight) can influence the rate of
whole-body protein synthesis, degradation and net balance
during prolonged exercise (Howarth et al., 2010). In addition,

JOURNAL OF SPORTS SCIENCES (&) 1011

commencing strength training in conditions of low muscle
glycogen (<200 mmol.kg™" dry weight) may reduce associated
mTOR signalling (Churchley et al., 2007; Creer et al., 2005).

As commencing strength training with low levels of muscle
glycogen can inhibit acute signalling mechanisms associated
with MPS, it seems necessary to provide nutrient availability
between sessions (or prior to resistance training exercise) to
promote sufficient CHO availability. Although detailed scientific
investigations examining this within a concurrent training
model are scarce, Enright et al. (2015) undertook an ecologi-
cally valid investigation where participants underwent “real
world” training sessions within the soccer environment. These
researchers utilised an experimental design whereby EPL acad-
emy players performed concurrent training two-days per week
over a 5-week period. One group performed strength training
in the afternoon at 2 pm (approximately 1.5 h after lunch) after
morning soccer training (commenced at 1030 am) and the
other performed strength training in the morning (commenced
at 930 am) prior to the soccer training. The researchers
observed larger strength benefits when strength training was
performed in the afternoon compared to the morning (e.g.,
19.1% vs. 10.3% increase in half back squat). The authors sug-
gested that the order of training (and associated alterations to
pattern of signalling) may be a contributory factor underpin-
ning the enhanced strength adaptation associated with after-
noon strength training, although it was also acknowledged that
the increased nutrient availability from the preceding meal (i.e.,
lunch) or a more evenly distributed macronutrient intake could
also be a reason for the improvements in performance (Areta et
al., 2013; Mamerow et al., 2014). Therefore, whilst manipulating
the “order of training” within the concurrent training plan may
affect adaptations, the daily distribution of energy and macro-
nutrient intake of players may also play a modulatory role.

The energy cost of an acute strength training stimulus has
been reported to have large variations of 2.3-11.0 kcal.min™
(Reis et al., 2011). Reasons for such variations are related to the
type of equipment that is used, number of exercises and repeti-
tions, external load, execution time in various movement phases,
exercise order and recovery time between sets. Therefore, the
actual energy cost of the strength training sessions typically
completed by soccer players is not yet known. However, com-
mencing strength training with sufficient muscle glycogen is
likely to positively impact cell signalling mechanisms associated
with MPS and is the major fuel source for strength training, with
an absolute glycogen cost of 100-250 mmol.kg™" previously
reported during high volume sessions (Robergs et al., 1991;
Samuelson et al, 2016; Haff et al.,, 2003; Essén-Gustavsson &
Tesch, 1990; MacDougal et al., 1999; Tesch et al., 1986; Pascoe
etal,, 1993; Hokken et al.,, 2021). Although glycogen utilisation of
this magnitude is unlikely to cause depletion and fatigue (given
that levels should be high to start with), an investigation into
muscle glycogen utilisation within different fibre types identified
that an acute bout of resistance exercise elicited a higher glyco-
gen use by type 2 fibres than type 1, as documented in all sub-
cellular storage pools (i.e., 47-54% vs. 8-33%, respectively).
Moreover, there was a greater reduction in volumetric content
of glycogen (72%) located within the myofibrils in type 2 fibres,
reflecting near depleted amounts of intramyofibrillar glycogen
(Hokken et al., 2020). Similar reductions in intramyofibrillar
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glycogen are associated with impaired excitation-contraction
coupling and reduced contractile force production (Nielsen et
al, 2014, 2009; @rtenblad et al.,, 2011). On this basis, it is sug-
gested that strength training should always be commenced with
sufficient muscle glycogen concentration that actually permits
completion of the desired workload as well as providing suffi-
cient energy availability to modulate cell signalling associated
with MPS.

4.3. Practical CHO strategies for soccer players in a
concurrent training model

Given the role of muscle glycogen availability as a substrate for
resistance exercise as well as the effects on cell signalling
associated with MPS, it would therefore seem logical that soc-
cer players should commence strength training sessions with
sufficient glycogen stores (i.e, >300 mmol.kg™" dry weight).
Additionally, strength training should likely be performed sev-
eral hours after soccer training when the acute metabolic stress
from the prior soccer training has subsided. From a practical
perspective (at least for players who perform on pitch soccer
training in the morning), it would therefore seem pertinent to
perform strength training in the afternoon following both
recovery from morning soccer training and high CHO intake
at lunch (i.e., >2 g.kg™"). Additionally, CHO and protein should
be consumed immediately post-resistance training to augment
muscle glycogen resynthesis and ensure sufficient energy avail-
ability to promote MPS (Burd et al., 2009; van Loon et al., 2000).
Given that concurrent training days involve twice per day
training and hence a greater absolute energy demand, it is
suggested that daily CHO intake should at least equate to 6 g.
kg™' body mass. Further experimental work (incorporating
both mechanistic and functional outcomes) is now required
to assess the optimal exercise order and feeding regimens for
which to maximize concurrent training adaptations in soccer
players.

5. CHO requirements for goalkeepers

5.1 Activity profile and metabolic demands of
Goalkeepers (GKs)

The role of the GK is different to outfield players, with the
primary responsibility to protect their teams goal and second-
ary, to distribute the ball to initiate an attack (White et al. ,
2020). In competitive matches, GKs cover significantly less total
distance (4-6 km vs. ~10-12 km) (Anderson et al., 2019b;
Malone et al., 2018; Di Salvo et al., 2008) and high-speed run-
ning (<50 m vs. 1000 m) (Anderson et al., 2019b, 2017a; Bradley
et al., 2010) than outfield players. However, rather than loco-
motive distances, the demands of a GK are mainly assessed on
their ability to perform high-intensity movements and explo-
sive actions (e.g., a dive to save the ball or a catch from a cross),
which are usually separated by longer walking and jogging
periods that allow for recovery (Ziv & Lidor, 2011). In addition
to the movement demands, empirical observations suggest
that GKs are often required to pass the ball >50 m into the
opponents half, often equating to 8-14 kicks.match™
(Hongyou et al,, 2015). Therefore, it is clear from locomotive

data and empirical evidence that physiological demands asso-
ciated with technical actions are anaerobic in nature, inter-
spersed with long periods of low-level aerobic activity such as
walking and jogging. However, to the authors<apos;> knowl-
edge, there is no data which has directly measured any physio-
logical response to match play in GKs.

Given the unique positional demands that GKs are subjected
to in match play, their training loads are required to incorporate
similar movements and/or loading patterns.
Goalkeepers<apos;> training is unique as they often train in
small groups using position-specific training drills delivered by
the GK coach, with some involvement in outfield player drills (e.
g., tactical and small-sided games) (Malone et al., 2018). More
recently, there has been an uprise in research regarding the
training load of GKs, potentially due to an advancement in
technology in the form of GK specific GPS units which generate
data relating to specific GK movements (e.g., jumps, dives and
dive returns) (Anderson et al.,, 2019b; Malone et al., 2018; White
et al.,, 2020). Malone et al. (2018) examined the training load
practices and the subsequent subjective wellness responses of
a GK playing in the Dutch league. Here, this GK typically cov-
ered 2553-3742 m total distance and around 17% of the high-
speed running of that typically observed by outfield players in
training sessions. Observations of another GK from the EPL
reported lower locomotive values (total distance of 1393-
2422 m), potentially due to competing in 2 competitive
matches within the weekly microcycle studied (Anderson et
al., 2019b). These data provide some evidence of periodization
as training is switched to recovery and preparation for the next
match, instead of physical loading induced by training. In a
comprehensive analysis of GK specific loading patterns, eight
GKs were examined over an entire EPL season (White et al.,
2020). White and colleagues reported that GK specific training
(in terms of that conducted with the specific GK coach) elicited
the highest load with an average of 51 dives, 14 high jumps, 19
medium jumps, 10 low jumps, 34 high-speed changes of direc-
tion and 70 explosive efforts performed during these parts of
training. The authors stated that all these variables were con-
siderably higher than match play.

Although no data exists on the physiological demands of GK
training or match play, assessment of energy expenditure (via
the DLW method) of a GK from the English Premier League
observed that energy expenditure (n = 1, 2894 kcal.day™) is
significantly less than outfield players from the same team
(n = 6, 3566 kcal.day™") (Anderson et al., 2019b, 2017a), as
studied during a two game per week microcycle. However, in
a cohort of four GKs from the Dutch Eredivisie, energy expen-
diture was similar to that reported in outfield players
(3365 + 231 kcals™) over a 14-day period. These data are
perhaps more reflective of the typical expenditure of GKs who
are undertaking higher training loads (with more GK specific
training) in 1 game per week microcycles.

5.2. CHO requirements for professional goalkeepers in
match play and training

In studying a GK from the EPL, Anderson et al. (2019b)
reported a daily CHO intake of 2.6 g.kg™' on training days
and 3.5 gkg™' on match days. These intakes were below



that reported by Brinkmens et al. (2019) of 3.6 g.kg™' CHO
for four GKs in the Dutch Eredivisie league, although this
was an average of both training and match days. Whilst we
acknowledge that the DLW mediated assessment of EE does
not provide day-to-day assessments, the EE (i.e., approxi-
mately 2894-3365 kcals™', equivalent to ~43 kcal.kg™
LBM) reported in such studies (Anderson et al.,, 2019b;
Brinkmens et al., 2019) provides a basis for which to for-
mulate daily CHO requirements. Indeed, given the basis of a
daily protein intake of 1.6-2 g.kg™' and recommended fat
intakes equivalent to 30% of total energy intake (Collins et
al., 2021), it is reasonable to suggest that average daily CHO
intakes of ~4 g.kg™' during training days (that are not
aligned to MD-1) and ~6 g.kg™' for match days (inclusive
of MD-1 and MD+1) would be sufficient to meet daily
energy requirements that encompass the typical range in
daily training intensity and duration associated with in-
season training schedules. Indeed, sufficient CHO availability
is required to maintain physical (Harper et al., 2017), cogni-
tive (Pomportes et al., 2016) and technical (Currell et al,,
2009) performance on both training and match days.
Additionally, muscle glycogen is likely the predominant sub-
strate for high volume resistance training (Hokken et al.,
2021) completed on training days.
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5.3 Practical CHO periodization strategies for a
goalkeeper in a one game week

On the basis of training demands and the requirement to
have sufficient levels of CHO availability during match play
and training, we provide a practical theoretical overview of
day-by-day and meal-by-meal CHO intake as communicated
using a RAG rating model (see Table 5). This model is similar
to that of outfield players, although the absolute values are
lower on both training and match days due to the
decreased demands. Additionally, GKs are recommended
to consume a greater amount of CHO at breakfast given
that strategic periodization of reduced CHO availability (so
as to induce oxidative adaptations) is not likely required. On
MD, MD-1 and MD+1, the largest amount of CHO is con-
sumed, although intake is more evenly distributed through-
out the day due to maintaining blood glucose and muscle
and liver glycogen during match play. Finally, on MD+2
when there is no training, GKs could consume a lower
absolute CHO intake to account for favourable changes in
body composition and achieve likely energy balance (van
Dam and Seidell, 2007). As with all the previous models
proposed in this paper, we readily acknowledge that further
research is required to characterise the energetic and

Table 5. Suggested practical model of the “fuel for the work required” CHO periodisation paradigm as applied to professional soccer goalkeepers during a one

game per week schedule.

Typical Loads Breakfast

Monday (MD+2) No Training

Duration = 80-90 mins
TD = <4000 m
High Intensity Jump &
Dive Aim
PM Resistance Training

Tuesday (MD-4)

Duration = 75-85 mins
Kicking and Technical
Aim
TD = <4000 m

Wednesday (MD-3)

Duration = 70-80 mins
TD = <3000 m
Taper and Recovery Aim

Thursday (MD-2)

Duration = <60 mins
TD = <2000m
Reactive and

Stimulative Aim

Friday (MD-1)

Breakfast

Duration =90 mins

Saturday (MD) D ~6000m
Typical Loads Breakfast
Sunday (MD+1) Resistance Training

MD = Match Day, Dur = Duration, TD = Total Distance, CHO = Carbohydrate.

During Training

Pre-Match Meal

During Training

Lunch Snack(s) Dinner

NO TRAINING

During Game Post-Match

Dinner

Snack(s)
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metabolic demands associated with the specific training
sessions completed by GKs to support or refute the recom-
mendations suggested here. Indeed, our suggestions are
based on interpretations of the generic literature surround-
ing CHO availability and performance, as opposed to speci-
fic research completed on this unique population.

6. Summary and future directions for research

On the basis of different external loading patterns between
soccer match play and training (as well as the periodiza-
tion of training load across the weekly micro-cycle), the
aim of the present paper was to provide a contemporary
overview and theoretical framework of CHO periodization
strategies for the professional soccer player. Our chosen
model provides suggested daily ranges of CHO intake as
well as meal-by-meal recommendations that aim to simul-
taneously promote match day performance, recovery and
stimulation of oxidative training adaptations, the latter
achieved through activation of potent skeletal muscle cell
signaling pathways. Nonetheless, practical models of CHO
periodization should be specific to the training structure (i.
e., time of day, number of sessions etc.) of the specific
environment. We readily acknowledge, however, that
further work is required to verify the metabolic demands
(and glycogen requirement) associated with the typical
training sessions completed by professional players.
Indeed, our suggested range of CHO intake is based on
recent assessments of EE from professional players (via
DLW), as opposed to the true CHO and glycogen cost of
training. As such, the day-to-day fluctuations in muscle
glycogen availability across the training microcycle is sug-
gested as a targeted area for future research. Additionally,
longitudinal studies are required to test the efficacy of any
proposed CHO periodization strategy on soccer-specific
training adaptations (including cellular, physiological and
performance outcomes) versus the traditional approach of
consistent daily CHO intakes. When considering that the
first reports of the activity profile and metabolic demands
of match appeared in the 1970s, it is clear that the chal-
lenge of evaluating the physiological demands of soccer
training remains as exciting as ever.
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