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Abstract

A 91-year-old female set the W90+ world record in the 200m sprint in 2024. We characterized her 

neuromuscular function, fatigability, denervation markers, and single-fiber contractile properties, 

and, where possible, compared these outcomes to published reference data. Knee extensor muscle 

architecture, force, power, fatigability, and motor unit (MU) behavior were assessed in vivo, 

and a vastus lateralis biopsy was analyzed for single-fiber contractile properties and markers of 

denervation. Quadriceps cross-sectional area was 36.5cm2, with fascicle length, pennation angle, 

and muscle thickness of 6.7cm, 11.6°, and 1.4cm, respectively. Knee extensor MVIC was 79Nm, 

power was 28W, and power declined by 43% during a 4-min fatiguing task. MU recruitment 

threshold was 12±11% of MVIC. Single-fiber absolute and specific-force were 0.88±0.19mN 

and 114±10kN/m2 for myosin heavy chain (MyHC) I, and 0.74±0.23mN and 171±23kN/m2 for 

MyHC IIa fibers. Less than 1% of fibers were positive for the denervation marker NCAM, no 

fibers expressed embryonic MyHC, and ~1% of MyHC II fibers expressed neonatal MyHC. In 
vivo muscle size, force, power, and fatigability were largely within the range for individuals one 
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decade younger. MU behavior was comparable to individuals 20 years younger. MyHC I fiber 

absolute force exceeded values reported in untrained young females and females in their eighth 

decade whereas MyHC II fiber force was lower due to smaller fiber size. Denervation markers 

were less prevalent than typically reported at this age. Collectively, these findings illustrate the 

heterogeneous effects of aging on different features of neuromuscular function, even in an elite 

older female sprint athlete.

NEW & NOTEWORTHY

We report in vivo neuromuscular function, single-fiber mechanics, and denervation markers in 

a 91-year-old female who holds the W90+ 200m world record. Despite reduced muscle size, 

force, and power, as well as pronounced fast-fiber atrophy, markers of denervation were similar to 

those in young females and single-fiber force in slow fibers was preserved. Together, these data 

highlight the differential effects of lifelong sprint training and aging on neural versus muscular 

components of the neuromuscular system.

Graphical Abstract

INTRODUCTION

The aging process is accompanied by a progressive decline in neuromuscular function that 

compromises the ability of older adults to maintain mobility and functional independence. 

Age-related reductions in muscle strength, and especially power, occur more rapidly 

than the loss of skeletal muscle mass, indicating that impairments at multiple locations 

along the motor pathway contribute to this functional decline (1–3). This problem is 

further exacerbated by the increased fatigability observed in older adults during high-

intensity dynamic contractions (4, 5). In this context, sprint running represents an extreme 

physiological challenge to the neuromuscular system of older adults, requiring rapid force 

production, high-velocity muscle contractions, and the ability to sustain mechanical output 
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while resisting fatigue (6, 7). Accordingly, world-class master sprinters can provide a unique 

model to examine the upper limits of neuromuscular preservation with aging. Against this 

backdrop, the performance of a 91-year-old female athlete who set a new W90+ world 

record in the outdoor 200-m event in June 2024 offers an exceptional opportunity to 

characterize the neuromuscular determinants that support elite sprint performance in the 

tenth decade of life.

Sprint performance is supported by two complementary physiological “halves of the coin.” 

One half reflects the metabolic determinants, including the integrated function of the oxygen 

transport cascade and the metabolic pathways necessary to rapidly resynthesize ATP while 

minimizing disruptions in metabolic homeostasis that contribute to fatigue (8–10). The 

other half reflects the neuromuscular determinants necessary to generate repeated, rapid, 

high-force contractions and the underlying skeletal muscle characteristics that support 

these functions (6, 7). Importantly, these two halves are highly interconnected, and the 

metabolic determinants were presented from this athlete in a companion article, whereas the 

neuromuscular determinants are examined in the present article.

Multiple factors along the pathway from the brain to the muscle contribute to the rapid 

force production required for sprint performance, each of which can be adversely affected 

by aging (2). For instance, aging can be accompanied by altered motor unit recruitment and 

firing rates (11), progressive motor neuron loss, and cycles of denervation and collateral 

reinnervation, which together may compromise the ability to generate rapid, high-force 

contractions needed for sprinting (2, 12, 13). Structurally, age-related alterations in muscle 

architecture, such as shorter fascicles and smaller pennation angles, may further limit 

maximal force and power output (14, 15). At the cellular level, sprint performance relies 

heavily on fast myosin heavy chain (MyHC) II muscle fibers, which are critical for explosive 

contractions and are well-known to undergo preferential atrophy during the aging process 

(16). Although the size-specific force and normalized power of the remaining fast fibers 

may be preserved with aging (17–19), reductions in total type II fiber area can still 

have a profound impact on whole-muscle force and power production (20). Collectively, 

these neural and muscular alterations with age characterize the neuromuscular “half of the 

sprinting coin”, yet the extent to which these determinants can be preserved in an elite sprint 

athlete in the tenth decade of life, particularly in females, remains largely unknown.

Therefore, the aim of this study was to comprehensively characterize the in vivo and 

ex vivo neuromuscular profile of a 91-year-old female world-record sprinter. Through an 

in-depth evaluation of muscle architecture, neuromuscular function, fatigability, single fibers 

mechanics and intramuscular denervation markers, we sought to identify physiological 

features that may underpin her elite sprint performance in very old age. These data may 

provide unique insight into the factors limiting human neuromuscular performance, and the 

potential role of lifelong sprint training in preserving functional capacity during advanced 

aging.
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METHODS

A 91-year-old female (Weight: 58 Kg; Height: 155 cm; Body mass index: 23.9) who set 

the W90+ world records in the 200 m outdoor, and 60, 200 and 400 m indoor sprints 

volunteered to participate in this study. At the time of assessment, she held W90+ world 

records in the 60 m indoor (13.91 s; March 20, 2024), 200 m indoor (51.08 s; March 10, 

2024), 400 m indoor (126.04 s; March 19, 2024), and 200 m outdoor (50.33 s; June 2, 

2024). Exercise history was obtained via interview. She began sprint training at ~20 years of 

age, had an ~15-year interruption in competition between ages 30 and 45, and subsequently 

resumed ~45 years of structured sprint training up to the time of assessment. The athlete 

trains at least three times per week, with sessions typically beginning with 2–3 minutes 

of light jogging followed by several 50–60 m accelerations at ~50% of maximal speed. 

More intense sessions include repeated 50–60 m sprints at ~80% of maximal speed with 

~3-minutes of recovery between bouts, and occasionally longer repetitions up to 400 m 

with 7–8 minutes of recovery. In the week preceding competition, she increases intensity, 

performing 200 m runs near maximal speed. Her training is not rigidly structured and is 

adjusted based on perceived readiness, alternating between slow runs, moderate efforts, and 

maximal sprints, while a training partner tracks her time.

Experimental design

All in vivo experiments were performed 1 month after her indoor world record and 15 days 

before her outdoor world record in May 2024. The athlete volunteered to participate in the 

“Trajectory-Age” study (21) and was informed about the aims and potential risks before 

providing written informed consent. The study conforms to the principles in the Declaration 

of Helsinki, is registered at ClinicalTrials.gov (NCT06168591), and was approved by 

the AVEN Ethical Committee (Emilia Romagna region, Italy; protocol #28022; study ID 

283/2022/SPER/UNIPR).

Muscle architecture

Quadriceps femoris cross-sectional area (CSA) was assessed at 20%, 30%, 40%, 50% and 

60% of femur length (distal to proximal) using panoramic ultrasound imaging (Mindray 

Bio-Medical Electronics, China) (22). CSA was determined by tracing muscle contours 

with the freehand tool in ImageJ software (1.52v; National Institutes of Health, Bethesda, 

MD, USA), as previously described (23). Mean quadriceps and vastus lateralis CSA were 

calculated by averaging CSA values across the measured muscle regions. Vastus lateralis 

muscle architecture was evaluated using B-mode longitudinal ultrasound scans obtained 

with a 38-mm probe at 30% and 50% of femur length (24). Fascicle length was determined 

using the manual linear extrapolation method, whereby visible fascicles were extended with 

straight lines across the nonvisible portion of the muscle until the projected line intersected 

the superficial aponeurosis (22, 25, 26). Fascicle length and pennation angle were calculated 

as the mean of three fascicles analyzed in ImageJ. Vastus lateralis muscle thickness was 

measured as the perpendicular distance between the superficial and deep aponeuroses at the 

distal, middle, and proximal portions of the image, and the mean of these three values was 

used for analysis.
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Motor unit behavior

High-density surface electromyography (HD-EMG) was recorded from the vastus lateralis 

during trapezoidal isometric contractions performed to 30% and 50% of MVIC, with a 

2% MVIC·s−1 rate of torque increase followed by a 10-s constant-torque plateau at the 

target level. Muscle activity was recorded using a 64-electrode grid (8 × 8 layout; 10 mm 

interelectrode distance in the column direction and 20 mm in the row direction; 70 × 140 

mm recording area). The grid was positioned over the muscle belly such that the midpoint 

of the femur was located between columns 2 and 3, with the rows aligned to the fascicle 

orientation identified via ultrasound. Monopolar signals were acquired using a wireless 

system (MEACS, ReC Bioengineering and LISiN, Politecnico di Torino) and synchronized 

post hoc with torque signals from the Humac Norm via external trigger pulses (27).

HD-EMG signals were band-pass filtered (20–400 Hz) using a fourth-order Butterworth 

filter. Motor unit firing patterns were extracted using a de-convolutive blind source 

separation technique (28) and manually edited according to established guidelines (29). 

Motor unit behavior was characterized by recruitment threshold, mean discharge rate, and 

the coefficient of variation of discharge rate during the constant-torque phase at both 30% 

and 50% MVIC, as well as de-recruitment threshold for all identified motor units. Torque 

signals were low-pass filtered at 100 Hz (fourth-order Butterworth), and torque steadiness 

was quantified as the coefficient of variation during the constant-torque phase.

Maximal voluntary isometric contraction (MVIC) torque

The participant was seated upright in a Humac Norm dynamometer (Humac Norm 64 bit, 

CSMI, Stoughton, MA, USA) with knee and hip angles at 90° (180° corresponding to full 

extension) and secured to the backrest with chest straps. The dynamometer was positioned 

so that the axis of rotation of the lever arm was aligned with the axis of rotation of the 

participant’s knee, and the lower leg was secured to the lever arm using a noncompliant 

strap placed immediately proximal to the malleoli. To ensure that the measured torques 

and velocities were generated primarily by the knee extensor muscles, the participant 

was instructed not to grasp any part of the dynamometer with her hands. After a series 

of submaximal isometric contractions, three maximal MVICs were performed. For each 

MVIC, the participant was instructed to push “as hard as possible” for 4 s without a prior 

countermovement, with 1 min of rest between contractions. MVIC torque was defined as 

the highest torque achieved over any 250-ms interval. Isometric force was assessed before 

and immediately after a dynamic fatiguing exercise (see below). Data were analyzed offline 

using LabChart software (LabChart software v8, ADInstrument NZ Limited, Dunedin, New 

Zealand).

Dynamic fatiguing exercise

Ten minutes after the baseline MVIC assessment, the participant performed maximal-

velocity knee extensions against a load corresponding to 20% of MVIC applied by the 

dynamometer. The participant was instructed to kick “as fast as possible” once every 3 s for 

4 min (80 contractions) (4, 30). Strong verbal encouragement was provided throughout the 

test to ensure maximal effort and completion of the full range of motion (from 90° to 180° of 

knee extension) for each contraction. After each contraction, the participant was instructed 
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to relax, and the limb was passively returned to the starting position by the dynamometer. 

Muscle torque, angular velocity, and power was sampled at 2,000 Hz and analog-to-digitally 

converted (PowerLab 26T, ADInstruments, Dunedin, New Zealand). Baseline power output 

was defined as the highest average power obtained from five consecutive contractions within 

the first 10 contractions. Decline in muscle power was quantified by expressing the average 

power from the final five contractions as a percentage of baseline power output (4).

Muscle biopsy

As described in the companion paper, a resting muscle biopsy was taken from vastus 

lateralis muscle using a 130 mm (6”) Weil-Blakesley rongeur conchotome (NDB-2, Fehling 

Instruments, GmbH&Co, Germany) under local anesthesia (2% lidocaine) applied to the 

skin and muscle fascia. A 1.0–1.5 cm incision was made through the skin, subcutaneous 

tissue, and muscle fascia, and a ~100 mg tissue sample was harvested. Following collection, 

samples were carefully cleared of excess blood, adipose tissue, and connective tissue, and 

then divided for subsequent single-fiber mechanical and histological analyses.

Single fibers mechanics

Fibers were prepared as described previously (31). Briefly, single fiber segments between 5 

and 10 mm in length were isolated from the biopsy sample and tied to a force transducer 

(400A; Aurora Scientific) and a high-speed servomotor (controller 312B; Aurora Scientific) 

with ~2–3 mm of the fiber suspended between the two attachment points. Fibers were 

kept at 16°C with a temperature-controlled Peltier unit in 100 μL relaxing solution for 

the duration of the experiment, except when transferred briefly to a second Peltier unit 

containing 100 μL of activating solution set at 20°C (32). Sarcomere length was adjusted 

to 2.5 μm, and fiber length and diameter were determined as described previously (18). 

CSA was calculated from the mean fiber diameter, assuming the fiber forms a cylinder 

when suspended briefly in air (<2 s). After completing experiments, the MyHC composition 

of each fiber was determined by SDS-PAGE as previously described (31) followed by 

Sypro Ruby (S12000, ThermoFisher Scientific) staining according to the manufacturer’s 

instructions. Solutions for the single fiber contractile mechanics experiments were derived 

from an iterative program using the stability constants adjusted for temperature, pH and 

ionic strength (33, 34) and contained (in mM): 20 imidazole, 7 EGTA, 4 free MgATP, 1 

free Mg2+, and 14.5 creatine phosphate. ATP was added as Na2ATP, Mg as MgCl2, creatine 

phosphate as Na2 phosphocreatine, and Ca2+ as CaCl2. Inorganic phosphate (Pi) was added 

as K2HPO4 to yield a concentration of 4 mM. The ionic strength of both the activating 

and relaxing solutions were adjusted to 180 mM with KCl. The pH was adjusted to 7.0 

with KOH. The relaxing solution contained negligible amounts of Ca2+ (pCa 9.0, where 

pCa = −log10[Ca2+]), while the activating solution contained saturating levels of Ca2+ (pCa 

4.5). Glycerol skinning solution was composed of 50% relaxing solution and 50% glycerol 

(vol/vol).

Immunohistochemistry

Immunohistochemical analyses were performed to assess fiber type-specific denervation 

markers, including neural cell adhesion molecule (NCAM), embryonic myosin heavy 

chain (MyHCe) and neonatal myosin heavy chain (MyHCn). Lists of specific antibodies 
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are presented in Table S1. Muscle tissue was equilibrated to the cryostat (HM525NX, 

ThermoScientific) temperature of −21 °C for ≥30 min, oriented upright and exposed in 

Neg-50 (Ref. 6502, Epredia), and then cross-sectioned at 7 μm with a low-profile disposable 

microtome blade (Ref. 3053835, Epredia) at a 10° clearance angle. Muscle sections were 

picked up with Superfrost Plus slides (Ref. 6776214, Epredia), air-dried at room temperature 

(RT) for ≥1 hr, and stored at −80 °C until staining. On the day of staining, slides were 

taken from −80 °C, air-dried for ≥30 min at RT, and sections circled with an ImmEdge 

pen (H-4000, Vector Laboratories), allowing ≥15 min to air-dry and establish a hydrophobic 

barrier. After rehydration in a coplin staining jar with 3 × 5 min washes of 1X phosphate-

buffered saline (PBS) at pH 7.4, muscle sections were incubated in a humidified slide stain 

tray (M918–2, Simport Scientific) with a primary antibody cocktail (Table S1) and 1X 

PBS for 90 min at RT. Muscle sections were then washed in a coplin staining jar 3 × 5 

min each with fresh 1X PBS and subsequently incubated in a secondary antibody cocktail 

(Table S1), and 1X PBS for 60 min at RT. Sections were again washed 3 × 5 min with 

fresh 1X PBS, mounted with 1:1 1X PBS/glycerol (5092–02, Macron Fine Chemicals), and 

coverslipped with a micro cover glass (48393–221, VWR). Coverslips were sealed onto the 

slides with clear nail polish and then stored at 4 °C until imaging. Muscle section images 

were acquired using a high-resolution fluorescence microscope (BZ-X810, Keyence) with 

a Plan Apochromat 20x mounted objective (BZ-PA20, Keyence) and Cy5 (49006, Chroma 

Technology), FITC/Alexa Fluor 488/Fluo3/Oregon Green (49011, Chroma Technology), 

and CY3/TRITC (49004, Chroma Technology). Positive denervation markers were visually 

identified by two independent investigators and counted in a fiber type-specific manner.

RESULTS

Knee extensor muscle size and architecture

At 50% of femur length, the CSAs of the vastus lateralis, vastus medialis, vastus 

intermedius, and rectus femoris were 9.23, 5.76, 17.66, and 3.85 cm2, respectively. The 

sum of the CSAs at mid-femur was 36.49 cm2 (Figure 1C–D). The vastus lateralis fascicle 

length was 6.7 cm, with a pennation angle of 11.56° and a muscle thickness of 1.4 cm.

Motor unit properties

We decomposed 19 motor units from the vastus lateralis, 17 of which were already recruited 

during the 30% MVIC trial. Individual motor unit firing patterns are shown in Figure 2A–B. 

The recruitment threshold was 12 ± 11% MVIC, and the de-recruitment threshold was 11 

± 8% MVIC, resulting in a delta threshold of −2 ± 7%. Torque steadiness, expressed as the 

coefficient of variation (CV), was 5% and 4% during contractions at 30% and 50% MVIC, 

respectively. Over the same time window, the CV of motor unit firing rate was 12% at 

30% MVIC and 15% at 50% MVIC (Figure 2D). Peak motor unit firing rates were similar 

between contraction intensities (8.5 ± 1.4 pps at 30% MVIC and 8.5 ± 1.2 pps at 50% 

MVIC, respectively; Figure 2C).

Neuromuscular function and fatigability

Knee extensor MVIC torque was 79 Nm (Figure 1A) and declined by 23% after the 

fatiguing exercise (60 Nm). MVIC torque normalized to CSA was 2.16 Nm·cm−2. Initial 
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knee extensor power was 28 W (Figure 1B) and decreased by 43% by the end of the fatigue 

exercise (16 W). Similarly, angular velocity declined by 34% (from 101°·s to 67°·s), whereas 

torque remained relatively constant throughout the fatiguing exercise (14 Nm to 13 Nm).

Single fiber mechanics

Results from single-fiber mechanics are presented in Figure 3. A total of 33 fibers were 

analyzed, including 12 MyHC I, 17 MyHC IIa, 2 MyHC I/IIa, and 2 MyHC IIa/IIx fibers. 

MyHC I fibers had a mean CSA of 7,676 ± 1,662 μm2 (Figure 3A) and produced an average 

absolute force of 0.88 ± 0.19 mN (Figure 3B), resulting in a size-specific force of 114 ± 

10 kN·m−2 (Figure 3C). MyHC IIa fibers had a mean CSA of 4,313 ± 1,220 μm2 (Figure 

3A) and produced an average absolute force of 0.74 ± 0.23 mN (Figure 3B), resulting in 

a size-specific force of 171 ± 23 kN·m−2 (Figure 3C). Although only 2 MyHC I/IIa fibers 

were studied, they had a mean CSA of 3,937 ± 1,473 μm2 and produced an average absolute 

force of 0.47 ± 0.23 mN, resulting in a size-specific force of 113 ± 17 kN·m−2. Similarly, 

only 2 MyHC IIa/IIx fibers were studied, which had a mean CSA of 651 ± 367 μm2 and 

produced an average absolute force of 0.11 ± 0.07 mN, resulting in a size-specific force of 

150 ± 22 kN·m−2.

Muscle denervation markers

Muscle denervation marker data are presented in Figure 4. Fewer than 1% of both MyHC 

I and MyHC II fibers were positive for the denervation marker NCAM (1 of 187 MyHC I 

fibers and 1 of 248 MyHC II fibers; Figure 4A). No fibers were positive for MyHCe (Figure 

4B). Additionally, no MyHC I fibers were positive for MyHCn, whereas ~1% of MyHC II 

fibers were MyHCn-positive (3 of 282 fibers; Figure 4C).

Discussion

This case study constitutes the other “half of the coin” of a broader investigation aimed 

at comprehensively characterizing the physiological profile of a 91-year-old female sprint 

athlete who, in 2024, broke the world record for the 200-meter sprint in the W90+ age 

category. To our knowledge, this is the first study to provide an integrated assessment of 

neuromuscular function, fatigability, single fibers mechanics, and intramuscular denervation 

markers in a female world-record holder in her tenth decade of life. The principal 

findings were: i) clear evidence of age-related muscle atrophy and typical alterations in 

muscle architecture, accompanied by reduced whole-muscle force and power; ii) fatigability 

comparable to females in their 80s (4), iii) motor unit recruitment behavior similar to that 

observed in females in their 70s (11); iv) remarkably large and strong MyHC I fibers, 

along with lower force production in MyHC IIa fibers due primarily to their smaller 

size; and v) minimal evidence of intramuscular denervation. These findings suggest that 

lifelong sprint training may help preserve muscle innervation and maintain key aspects of 

neuromuscular function at levels that resemble those of individuals 10–20 years younger, 

despite pronounced age-related atrophy of fast fibers.
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Neuromuscular function and whole muscle morphology

The in vivo neuromuscular function assessments indicated that the world record holder’s 

knee extensor maximal voluntary isometric contraction torque, power output, and fatigability 

were comparable to values reported from females in their 80s (4, 35). Similarly, her 

muscle architecture measured via ultrasound, including CSA (Figure 1C–D), fascicle length, 

pennation angle, and thickness, was comparable to that of males and females in their 80s 

with sarcopenia (35, 36). These findings suggest that, in contrast to the preserved muscle 

oxidative capacity reported in the companion paper, her knee extensor muscles exhibit 

hallmark features of advanced age-related atrophy and reduced whole-muscle function. 

However, it is important to note that we were unable to directly compare her data with those 

of other females in their tenth decade of life (37) Thus, despite clear evidence of age-related 

decline, her neuromuscular and architectural characteristics appear broadly comparable to 

those of individuals one to two decades younger. This is particularly notable given evidence 

that declines in skeletal muscle mass and function appear to accelerate during the very late 

stages of life and may differ in females compared to males (37–41).

Motor unit behavior exhibited features consistent with typical aging (11). During sustained 

isometric contractions at 30% MVIC, the world record holder’s coefficient of variation 

of motor unit firing rate was similar to values typically reported in older females (11, 

42), indicating that her motor unit discharge patterns, neural control, and synaptic noise 

are comparable to those observed in females in their 70s (11, 43). Similarly, at higher 

contraction intensities (50% MVIC), both firing rate variability and force steadiness were 

also comparable to values observed in males and females approximately two decades 

younger (11, 42). In addition, motor unit recruitment thresholds appeared lower than those 

commonly observed in older males and females, suggesting earlier and more complete 

recruitment followed by rapid de-recruitment, without the prolonged activation patterns 

reported in individuals in their 70s (11, 44). These findings indicate that the world record 

holder’s motor unit behavior and neuromuscular control resemble those of males and 

females ~20 years younger.

Muscle fiber properties

Single-fiber mechanics analyses largely demonstrated the expected fiber type–specific 

differences associated with aging (Figure 3). Specifically, her MyHC IIa fibers produced 

absolute force comparable to those of older females in their 70s but lower than those of 

younger females in their 20s, whereas her MyHC I fibers generated ~30% greater absolute 

force than those of both young and older females (19). After normalizing for fiber size, 

these differences were largely eliminated, with MyHC I fiber specific force similar to both 

young and older females, while type II fibers demonstrated slightly higher specific force 

compared with both age groups (19). These findings support the concept that age-related 

reductions in absolute force production in fast fibers are driven primarily by reductions in 

fiber size, while intrinsic force-generating capacity are largely preserved with advanced age 

(17–19, 45). Additionally, minimal evidence of denervation markers was observed (Figure 3) 

compared with what is typically expected in the tenth decade of life (46). This suggests that 

reinnervation processes may remain active even beyond ~75 years of age, a period during 

which denervation is thought to surpass reinnervation in most individuals (47, 48). It is 
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possible that denervation may have occurred earlier in life, with affected fibers lost prior to 

sampling; however, due to the lack of data on denervation trajectories in females in their 90s, 

the timing of these processes remains uncertain. Notably, other commonly reported features 

of denervation, such as MyHC I fiber grouping and centralized nuclei (~1%, 4 of 363 

fibers), were not readily apparent in this athlete. These findings suggest that lifelong sprint 

training may help preserve intrinsic fiber force-generating capacity and maintain muscle 

fiber innervation status, even into the tenth decade of life.

Conclusions

This case study illustrates that a lifelong commitment to sprint training may meaningfully 

influence the trajectory of neuromuscular aging. While age-related structural remodeling of 

skeletal muscle and declines in muscle mass, maximal force, and power production appear 

unavoidable, the world record holder exhibited preserved intrinsic contractile function at the 

single-fiber level and evidence of maintained muscle innervation status. When interpreted 

alongside the companion paper demonstrating preservation of oxidative capacity and key 

components of the oxygen transport cascade, these findings suggest that the maintenance of 

mitochondrial bioenergetics and muscle innervation may be key determinants of exceptional 

sprint performance in the tenth decade of life. In contrast, age-related alterations in muscle 

architecture and reductions in fast fiber absolute force and cross-sectional area likely 

represent important limiting factors in this athlete. Collectively, these results highlight 

the potential for lifelong sprint training to attenuate age-related declines across multiple 

physiological systems and to preserve functional capacity well into very advanced age.
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Figure 1. Knee extensor force, power and cross-sectional area (CSA) of the world record holder 
compared with reference data.
All panels were adapted from the original publications and modified to improve clarity and 

to incorporate data from the 91-year-old world record holder (red diamonds). A) CSA of the 

knee extensors at 50% of femur length compared with young (26 ± 5 yr), old (75 ± 4 yr), 

and old sarcopenic (80 ± 5 yr) males and females previously reported by Sarto et al. (35). 

B) Panoramic ultrasound image of the knee extensor muscles at 50% of femur length from 

the 91-year-old female world record holder, with the knee extensor muscles highlighted in 

yellow. C) Knee extensor maximal voluntary isometric contraction (MVIC) torque and D) 

power elicited with a 20% MVIC load, compared with young (23 ± 2 yr), old (71 ± 6 yr), 

and very old females (83 ± 3 yr), previously reported by Sundberg et al. (4).
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Figure 2. Motor unit behavior.
All panels were adapted from the original publication and modified to improve clarity 

and incorporate data from the 91-year-old world record holder (red diamonds). A) 

Representative instantaneous firing rates from three motor units of the world record holder 

during contractions at 30% (left) and 50% (right) MVIC. The same motor units were tracked 

across both contractions. B) Recruitment threshold (RT) and peak firing rate of all motor 

units identified and tracked between 30% (n = 17) and 50% (n = 19) MVIC in the world 

record holder. C) Peak firing rate and D) coefficient of variation of firing rate during 

trapezoidal isometric knee extensor contractions at 30% and 50% MVIC. C-D) Mean data 

from the 91-year-old world record holder are compared with young (n= 5, 25 ± 2 yr), 

middle-aged (n= 29, 58 ± 3 yr) and older (n= 11, 77 ± 4 yr) females from Carbonaro et al. 
(11).
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Figure 3. Single fiber cross-sectional area (CSA), peak force, and size-specific force of myosin 
heavy chain (MyHC) I and IIa fibers from the world record holder compared with reference 
data.
All panels were adapted from the original publication and modified to improve clarity and to 

incorporate data from the 91-year-old world record holder (red diamonds). Mean data from 

12 MyHC I and 17 MyHC IIa fibers from the world record holder are compared with single 

fiber data from young (n = 5, 21 ± 1 yr, 69 fibers) and older (n = 7, 73 ± 4 yr, 103 fibers) 

females previously reported by Teigen et al. (19). A) Single fiber CSA, B) absolute force, 

and C) size-specific force of MyHC I and IIa fibers.
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Figure 4. Denervation markers in the world record holder compared with reference data.
All panels were adapted from the original publication by Soendenbroe et al.(46) and 

modified to improve clarity and to incorporate data from the 91-year-old world record holder 

(red diamonds). A) Neural cell adhesion molecule (NCAM), B) representative image from 

the world record holder’s fiber positive for NCAM (green) and dystrophin (showing fibers 

border, in red) from the world record holder sample (white arrow), C) embryonic myosin 

heavy chain (MyHCe), and D) neonatal myosin heavy chain (MyHCn).
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