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Abstract:

This study aimed to assess individual lactate thresholds during wheelchair propulsion
exercise in elite wheelchair racers, investigate inter-individual variations in blood lactate
concentration at their thresholds, and examine the practicality of using fixed blood lactate
concentration as a threshold determination method. Three elite male wheelchair racers
performed a graded incremental wheelchair propulsion exercise test on a wheelchair
ergometer. The test consisted of five 3-min stages at velocities ranging from 18 to 28 km/h,
followed by a continuous incremental exercise to exhaustion. Blood lactate concentration,
ventilatory parameters, pulse rate, and rating of perceived exertion were measured throughout
the test. Individual second lactate thresholds (LT2) were determined primarily based on an
acceleration in blood lactate concentration increase, with supporting evidence from other
physiological parameters. The onset of blood lactate accumulation (OBLA, fixed 4 mmol/l
threshold) was also determined for comparison. All participants exhibited notably high blood
lactate concentrations at LT2 (5.8-7.7 mmol/l), substantially exceeding the conventional 4
mmol/l reference. The physiological parameters at LT2, including the percentage of peak
oxygen uptake (79.2-86.7%) and the percentage of peak pulse rate (86.5-93.1%), were
consistent with previously reported values. OBLA occurred at significantly lower exercise
intensities than LT2, with associated physiological parameters falling below literature values.
Despite the small sample size, LT2 intensity showed a positive correlation with race
performance (r = 0.92), while OBLA intensity showed a negative correlation (r = -0.77). This
study demonstrates that appropriate evaluation of individual LT2 during wheelchair
propulsion is feasible in elite wheelchair racers. The fixed 4 mmol/I threshold may be
inappropriate for elite wheelchair racers. Our findings emphasize the importance of

individual threshold assessment for effective training prescription.

Keywords:
Wheelchair propulsion, Wheelchair Racing, Lactate Threshold, LT2, OBLA.
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Main Text:

Introduction

In endurance sports, athletes' maximal lactate steady state (MLSS) serves as a crucial
determinant of their performance. The MLSS represents the highest exercise intensity at
which lactate production and elimination are kept in equilibrium (for review, see Billat et al').
At or below this intensity, athletes can maintain prolonged exercise depending primarily on
oxidative energy metabolism. Conversely, above this intensity, anaerobic glycolysis is
enhanced substantially, lactate production increases, and lactate concentration in blood, and
presumably in muscle, begins to accumulate. Consequently, athletes become unable to
maintain prolonged exercise. The precise assessment of MLSS plays an important role in
predicting athletes' race performance and optimizing their training. By using MLSS as a
reference for training prescription, coaches and athletes can effectively manage physiological
intensity during training. Therefore, regular MLSS assessment provides significant benefits in
athletic monitoring.

While the benefit of MLSS assessment is undoubted, it can be time-consuming and
physically demanding for athletes: the gold standard method of assessing MLSS requires
multiple constant-load exercise trials of at least 30 min on different days at different exercise

intensities.>> Researchers have therefore developed more practical methods as alternatives,
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particularly by examining physiological responses during graded incremental exercise tests.
During these tests, several physiological parameters, such as blood lactate concentration and
ventilation, show some characteristic changes as exercise intensity gradually increases. These
changes reflect transitions in athletes' energy metabolism. Typically, blood lactate
concentration (BLa) and minute ventilation (VE) show two inflection points during
incremental exercise. The MLSS corresponds to the second inflection point. This point is
referred to as the individual anaerobic threshold (IAT),* the second lactate threshold (LT2,
this term is used in this study),’ the lactate turn point (LTP),%” the second ventilatory
threshold (VT2),>® or the respiratory compensation point (RCP).? Various methods have been
proposed for determining LT2 from individual BLa plots during incremental tests, including
visual inspection approaches,’ lactate increment-based approaches,'? and geometric analyses
of the regression curve.!! As these methods are sometimes criticized for their potential
subjectivity, more objective methods have also been proposed, such as the fixed BLa method.
A BLa of 4 mmol/l is the most widely used reference point, known as the onset of blood
lactate accumulation (OBLA).!*"!3 While OBLA has shown practical correlation with
endurance performance,'? it may not accurately reflect individual MLSS due to inter-
individual variations in BLa at MLSS (possibly ranging from 3-10 mmol/1).!3-14

While LT2 and OBLA determination through graded incremental exercise testing has

been extensively studied in various sports, research for wheelchair propulsion remains
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limited. Some researchers have investigated the thresholds of wheelchair athletes using arm-
cranking exercises.'> However, because BLa at the thresholds may depend on the motor
pattern of the exercise,'® applying their results to wheelchair propulsion exercise is
questionable.!” Other studies used graded incremental wheelchair propulsion exercise on a
treadmill and examined LT2'® or OBLA.!*-2° However, the majority of those studies only
employed team sports wheelchair athletes. In the few studies that have subjected endurance
wheelchair athletes to wheelchair propulsion exercise, only low thresholds such as the first
ventilatory threshold (VT1) have been examined,?!"*? or MLSS alternatives have been
estimated using methods other than graded incremental exercise testing (i.e., the lactate
minimum, which was reported to differ substantially in BLa from MLSS??). To our
knowledge, no study has assessed LT2 or OBLA in endurance wheelchair athletes using
graded incremental wheelchair propulsion exercise. Additionally, few discussions have been
made on the practicality of using the fixed threshold of 4 mmol/l for threshold determination
in this exercise. Therefore, this study aimed to assess the LT2 of endurance wheelchair racers
using wheelchair propulsion exercise, to investigate the inter-individual variation in BLa at
LT2, and to examine the potential use of a fixed BLa method as an alternative to LT2 or

MLSS assessment in this exercise.

Methods and Materials
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Participants

Three elite male wheelchair long-distance racers participated in this study (race class
category, T54; age, 38 + 7 years; body mass, 65.3 + 2.3 kg; wheelchair mass, 9.2 + 0.5 kg;
mean + standard deviation). All the participants had careers of more than 10 years as para-
athletics athletes and had experience as national representatives. The study protocol was
approved by the research ethics committee of Japan Institute of Sports Sciences (reference
number 2022-019). All participants were informed about the purpose and procedure of this

study and provided written informed consent prior to participation.

Exercise Equipment

A wheelchair roller ergometer (Esseda, Lode BV, Groningen, Netherlands) was used
for the graded incremental wheelchair propulsion exercise test. Participants used their own
racing wheelchairs. Dynamic calibration of the ergometer was performed prior to each test to
account for individual differences in wheelchair-participant combination friction.?*

A constant rolling resistance coefticient of 0.016 was set for all participants throughout
the test. This coefficient was determined to approximate the friction that wheelchair and
athlete would experience during a road race. Race friction comprises rolling resistance and
drag resistance.?’ Rolling resistance can be calculated using the rolling resistance coefficient.

Although no literature has reported this coefficient for racing wheelchair on roads, a value of
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0.003 was determined with reference to racing bicycles.?¢?” Drag resistance was calculated
using the effective frontal area of the wheelchair-athlete combination, air velocity opposing
wheelchair progression, and air density. Based on literature examining the effective frontal
area of wheelchair racers,?® an area value of 0.26 m? was assumed. Using this value with an
opposing air velocity of 28 km/h (equals to the velocity at the last stage of the incremental
test) and air density of 1.225 kg/m? (international standard atmosphere), the assumed drag
resistance was calculated. This drag resistance was converted into an equivalent rolling
resistance coefficient of 0.013 using the participants' averaged wheelchair-athlete
combination mass. The final rolling resistance coefficient (0.016) was determined as the sum

of these resistance values.

Measurement Protocol

Participants warmed up with self-selected resistance coefficients and velocities for over
5 min on the ergometer, followed by short sprints for familiarization. After substantial passive
rest, the graded incremental test began. The first part of the test consisted of five 3-min
exercise stages with 1-min between-stage rests. Participants controlled their velocity to match
target values for each stage (18, 21, 24, 26, and 28 km/h for the first to fifth stages,
respectively) by monitoring a velocity meter displayed on a screen. As the ergometer's left

and right rollers were controlled independently, the average velocity was displayed. The left
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and right velocities were also monitored to ensure minimal differences. Participants reached
the target velocity in the first 20-30 s of each stage. The actual velocities during the last 2.5
min and the last 1 min of each stage were collected. The difference between these velocities
was found to be minimal (0.03 km/h on average), therefore the actual velocity during the last
1 min was used for analysis.

After the fifth stage, participants took a 5-min rest before beginning the second part of
the test: a continuous incremental exercise to exhaustion. Initial velocity was set at 26 km/h
and increased by 1 km/h every minute. The test was terminated when participants could no
longer maintain the target velocity despite strong verbal encouragement. The velocity was
checked every 15 s, and if the target velocity was not achieved even momentarily within this

15-s period, it was deemed that the velocity was not maintained.

Data Collection

Capillary blood samples were obtained from the earlobe for BLa measurement after
each stage in the first part and at 1, 3, and 5-min after the termination of the second part for
peak BLa (BLapeak) determination. Samples were analyzed immediately using a handheld
lactate analyzer (Lactate Pro 2 LT-1730, Arkray, Japan). Spirometric data were recorded
continuously using an expiratory gas analyzer (Aeromonitor AE310-S, EXP mode, Minato

Medical Science, Japan). Oxygen uptake (VO2) and VE during the last 1 min of each stage
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were calculated for analysis. Stage VO, values were also represented as percentages of peak
VO: (%VO2peax), which were extracted from second-part data averaged at 30-s intervals.
Pulse rate (PR) was recorded continuously using a pulse rate monitor attached on the upper
arm or forearm of participants (Verity sense, Polar, Finland). PR values were collected at each
stage end and at peak during the second part (PRpeak). Stage PR values were expressed as
percentage of PRpeak (%PRypeak). Rating of perceived exertion (RPE) was recorded using

Borg's 6-20 scale’” immediately after each stage.

Lactate Thresholds Determination

Individual LT2 determination was primarily based on BLa changes, supported by
changes in other physiological parameters. BLa was plotted against actual velocity from each
stage, and rate changes between stages were also calculated. LT1 was not determined in this
study as it was not of interest. LT2 was determined as the stage before a second substantial
acceleration in BLa increase. The ventilatory threshold (VT2) was determined similarly to
support LT2 determination. %V Ozpeak, %0PRpeak, and RPE at each stage were also referenced
to support LT2 determination, based on their proximity to those values at MLSS, LT2, or
RCP in wheelchair athletes reported in the literature (76-78%, 92%, and 15-16
for %V O2peak, %PRpeak, and RPE, respectively)!'®23. After the LT2 determination,

VO3, %VO2peak, PR, %PRpeak, and RPE at the LT2 stage were collected as the relevant
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physiological parameter values.
For OBLA determination, stages with the BLa of just below and above 4 mmol/l were
identified. Assuming linear changes between these stages, VOa, %VOzpeak, PR, %PRpeak, and

RPE corresponding to 4 mmol/l were calculated.

Correlation to Race Performance

LT2 and OBLA were examined for relationship to race performance. All participants
competed in the same wheelchair marathon race approximately one month before the
incremental test. Average race velocity was calculated as a performance parameter.
Correlations between race performance and exercise intensities at LT2 and OBLA were

examined. Due to the small sample size (N = 3), no significance testing was performed.

Results

Three participants demonstrated different BLa responses during the incremental test
(Figure 1). Participant A showed an exponential increase, participant B exhibited a linear
increase followed by a sharp elevation in the final stage, while participant C demonstrated a

continuous linear increase without distinct inflection points.

[Figure 1. Changes in blood lactate concentration during graded incremental wheelchair
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propulsion exercise. |

Regarding spirometry, participant B's data could not be collected during the first part of
the test due to equipment problems. For VE, participant A showed a slightly accelerated
increase at the fourth stage and a marked increase at the fifth stage, while participant C
showed linear increases throughout without inflection points (Figure 2). VO, exhibited

constant linear increases in both participants A and C (Figure 3).

[Figure 2. Changes in minute ventilation during graded incremental wheelchair propulsion
exercise. ]

[Figure 3. Oxygen uptake during graded incremental wheelchair propulsion exercise. |

PR exhibited gradual increases in all participants (Figure 4). RPE also increased
gradually in all participants (Figure 5), although participant C consistently reported lower

values compared to others.

[Figure 4. Pulse rate response during graded incremental wheelchair propulsion exercise. ]
[Figure 5. Rating of perceived exertion during graded incremental wheelchair propulsion

exercise.]
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For participant A, the exponential-shaped BLa curve alone presented challenges in
threshold identification, although the BLa increase seemed to accelerate at the third or fourth
stage with the BLa increase rate over 0.9 points. The VE plot also suggested potential
inflection points at the third or fourth stage with the VE increase rate over 7.8 points.

The %VOzpeak, %PRpeak, and RPE at the fourth stage (79.2%, 90.3%, and 16) were found to
be comparable with the literature values. These data supported designating the fourth stage as
LT2. For participant B, LT2 was determined based on a clear lactate inflection at the fourth
stage with the BLa increase rate over 1.4 points. For participant C, who showed no clear
inflection in either BLa or VE, the fourth stage was suggested to be near LT2 by %V O2peak
and %PRpeax at this stage (79.3% and 92.0%, respectively). However, as discussed below,
VO2zpeak and PRpeak may have been underestimated in participant C, and these results were not
utilized for LT2 determination. The RPE of participant C was quite low throughout all test
stages, with a maximum value of 12 at the fifth stage. Taking these findings into account, LT2
could not be explicitly determined. Therefore, the fifth stage was designated as a provisional
threshold for subsequent analysis.

OBLA was determined solely based on BLa data, between the second and third stages
for participants A and B, and between the first and second stages for participant C.

Table 1 presents physiological parameter comparisons between LT2 and OBLA, and
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Table 2 shows peak values of BLa, VO», PR, and race performance. In the second part of the
test, participant C could not reach exhaustion due to ergometer problems; therefore, these
peak values may be underestimated. Substantial discrepancies were observed between LT2
and OBLA parameters for all participants. Notably, participant C, who demonstrated the

highest velocity at LT2, paradoxically recorded the lowest velocity at the OBLA.

[Table 1. Physiological parameters at LT2 and OBLA.]

[Table 2. Peak physiological parameters and race performance. ]

Race performance showed positive correlation with exercise intensity at LT2 (r = 0.92),

but negative correlation with OBLA intensity (r =-0.77).

Discussion

This study assessed individual lactate threshold (LT2) during wheelchair propulsion in
elite wheelchair long-distance racers. All participants exhibited BLa exceeding 4 mmol/l at
their LT2, and the exercise intensity relevant to LT2 was correlated with race performance,
while no positive correlation was found for that relevant to OBLA.

Most previous studies in wheelchair athletes reported BLa around or below 4 mmol/l at

MLSS or LT2. For example, Perret et al** examined MLSS of wheelchair racers in
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wheelchair propulsion exercise and found BLa at MLSS to be approximately 4.1 mmol/Il.
Leicht et al'® reported LT2 (referred to as AT in their article) and RCP of wheelchair rugby
and basketball athletes in wheelchair propulsion exercise to be 2.48 and 3.57 mmol/l,
respectively. In contrast, this study demonstrated that elite wheelchair racers have
substantially higher BLa at LT2 (5.8 to 7.7 mmol/l). This elevated BLa may be related to the
physiological characteristics of our elite participants.

The physiological parameters relevant to LT2 were examined to validate the LT2
assessment. The %V Ozpeak at LT2 in participant A was comparable to literature values
obtained from wheelchair athletes (around 76-78% at MLSS, LT2 or RCP),'®* which also
supported the LT2 determination. For participant C, the %VOnpeak at LT2 was slightly higher
than these values, possibly due to VOapeak underestimation. The %PRpeak at LT2 was
comparable to literature values in all participants (around 92% of heart rate max at MLSS),?
although participant C's values may have been affected by PRpeax underestimation. In
participants A and B, the RPE at LT2 was comparable to literature values (15-16).1%?
However, the lower RPE in participant C suggests that LT2 may be higher than the fifth
stage.

Another widely-used objective and practical approach for MLSS assessment is the
fixed BLa method, particularly with a threshold of 4 mmol/l (OBLA). However, our results

raise concerns about its practicality in wheelchair propulsion exercise. OBLA occurred at
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significantly lower intensities than LT2, with its relevant physiological parameters falling

below literature values. This indicates that OBLA substantially underestimated MLSS. Our

findings suggest that the OBLA method should not be applied to wheelchair propulsion

exercises.

Despite the limited sample size, the observed relationship between LT2 exercise

intensity and race performance suggests that lactate thresholds may still be important

performance determinants in wheelchair racing, as in other endurance sports. Conversely,

OBLA intensity showed no positive relationship with race performance, implying its inability

to assess the threshold appropriately. For LT2, it was noteworthy that its intensity (26.3-28.3

km/h) was consistently lower than actual average race velocity (28.7-30.2 km/h). This

difference can be attributed to the tactical aspects of wheelchair racing. During races, racers

frequently draft behind competitors or adopt aerodynamic positions that substantially reduce

drag resistance and power output requirements. This suggests that wheelchair racers compete

at higher velocities than they could achieve alone with continuous propulsion. Despite this

difference between LT2 and race performance, the velocity at LT2 serves as a useful indicator

of wheelchair racers' capability.

Several limitations should be acknowledged. First, the small sample size limits the

generalizability of our findings. While high BLa at LT2 was notably observed in elite

wheelchair racers, it remains unclear whether this occurs in sub-elite racers. Further research
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with larger sample sizes is needed to establish more robust statistics for physiological
parameters at LT2 and better elucidate the relationship between LT2 intensity and race
performance. Second, the graded incremental exercise test protocol can be refined. Settings
such as the number of stages and the exercise intensity progression could potentially be
modified to better identify the inflection points of BLa and VE. Increasing the number of
stages could allow for more detailed determination of thresholds. However, this would likely
increase the burden on participants. Therefore, further consideration needs to be given to
protocols that balance accurate threshold assessment with practicality.

This study demonstrates that appropriate evaluation of individual LT2 during
wheelchair propulsion is feasible in elite wheelchair racers. Understanding this threshold is
crucial for establishing appropriate training intensities. Such assessments should be
incorporated into regular training cycles to optimize athletic development. Threshold
evaluation should not rely on simplified methods like OBLA but rather consider individual
physiological parameters through comprehensive assessment. Additionally, coaches and
racers should be cautious about using velocity as a reference parameter when applying
threshold concepts to training. The power output required to maintain a specific velocity
varies with several resistance factors. Consequently, velocity-based prescriptions may not
accurately reflect the physiological stress imposed on racers. Instead, PR or heart rate would

offer more reliable parameters for training intensity control. Regular LT2 assessments should
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be conducted to monitor training adaptations and adjust training programs accordingly.

Conclusion

This study assessed individual LT2 during wheelchair propulsion exercise in elite

wheelchair racers and found high BLa at this threshold (5.8-7.7 mmol/l). These elevated BLa

likely reflect the characteristics of our elite participants. The physiological parameters at LT2

were consistent with previous literature values, supporting the validity of our LT2

determination. The findings suggest that the fixed BLa of 4 mmol/l (OBLA) might be

inappropriate for threshold assessment in wheelchair propulsion exercises, as it substantially

underestimates MLSS. While the small sample size limits the generalizability of the findings,

the observed relationship between LT2 intensity and race performance suggests that the

lactate threshold may be important determinants of performance in wheelchair racing. These

findings provide practical implications for training prescription and monitoring for

wheelchair racers, emphasizing the importance of individual LT2 assessment.
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Figure 1. Changes in blood lactate concentration during graded incremental wheelchair

propulsion exercise.

Numbers adjacent to plots indicate rate of increase from previous stage (mmol/l per km/h).
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Figure 2. Changes in minute ventilation during graded incremental wheelchair propulsion

exercise.

Numbers adjacent to plots indicate rate of increase from previous stage (I/min per km/h).
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Figure 3. Oxygen uptake during graded incremental wheelchair propulsion exercise.

Values are expressed as %V Ozpeak.
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Figure 4. Pulse rate response during graded incremental wheelchair propulsion exercise.

Values are expressed as %PRpeak.
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450  Figure 5. Rating of perceived exertion during graded incremental wheelchair propulsion
451  exercise.



452  Table 1. Physiological parameters at LT2 and OBLA.
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Threshold  Participant BlLa VO, %V Oapeak PR %PR peak RPE Velocity
[mmol/I] [ml/min/kg] [%] [bpm] [%] [km/h]

LT2 A 6.1 40.6 79.2 159 90.3 16 263

B 5.8 - - 160 86.5 17 26.4

C 7.7 40.8 86.7 162 93.1 12 283

OBLA A 4.0 35.7 69.6 147 83.6 12.6 23.8

B 4.0 - - 150 80.9 13.7 22.6

C 4.0 28.4 60.5 130 74.8 7.2 20.4

453



454  Table 2. Peak physiological parameters and race performance.

Participant Physiological Peak Race Performance
BLapcak VOopeak PRpeak Average Velocity
[mmol/l] [ml/min/kg] [bpm] [km/h]
A 16.4 51.2 176 29.2
B 12.5 50.8 184 28.7
C 8.6 47.0 174 30.2
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