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Abstract:
Three methods are commonly used for the determination of anaerobic threshold (AT): v-slope (VS), ventilatory equivalent (VEQ), and end-tidal (ET). For VS, VCO2 is plotted against VO2 (x-axis), and for VEQ and ET, each variable is plotted against elapsed time (x-axis). As these data points do not correspond to the same y-axis, these three methods cannot be directly compared. Purpose: To devise a way to construct a time-based VS graph. Methods: A new index, d, was created by subtracting VO2 from VCO2 and plotting the value against time. The d-AT was determined as the first ascending break point on the d graph. A database of 127 subjects (age: 51±21, 66 healthy subjects, 20 treated for cardiovascular risk factors, and 41 with cardiac disease) who underwent maximal symptom-limited exercise was used to assess the utility of this approach for detecting AT. Each of the four AT methods, employed independently and blinded to each other, were compared. Additionally, the reliability of each method was assessed using Altman’s level of agreement (coefficient of repeatability, CR). Results: The mean AT (mL/min) and its determination rate by d, VS, VEQ, and ET were 857±414 (90%), 939±407 (91%), 946 ±176 (74%), and 862±379 (79%), respectively (d/ET versus VS/VEQ, p<0.001). CR values (mL/min) were 117, 115, 152, and 175, respectively. AT determination by combining all three graphs (d, VEQ, ET) simultaneously did not improve CR but did reveal a delayed or suppressed ventilatory response (VEQ) in 48 subjects. Conclusions: The time-based v-slope, d-AT, was equivalent to v-slope method in AT determination rate and repeatability. One major advantage was that d-AT could graphically delineate different VCO2 and ventilation responses to exercise.
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Introduction:
Anaerobic threshold (AT, also referred to as the gas exchange threshold (GET), ventilatory threshold (VT) or lactate threshold (LT) is the point during incremental exercise testing at which blood lactate begins to increase above the resting level and an excess amount of CO2 is produced (1). The AT is considered an index of exercise tolerance reached before the symptomatic maximal point (1) and is used as a reference point for exercise intensity during cardiac rehabilitation (2). In exercise physiology, AT is considered the boundary between moderate and severe exercise (3).
Three methods are commonly used to determine AT using respiratory gas analysis: v-slope (VS), ventilatory equivalent (VEQ: VE/VO2 and VE/VCO2), and end-tidal (ET) methods (1). For VS, carbon dioxide production (VCO2) is plotted against oxygen uptake (VO2; x-axis), while for VEQ and ET, each variable is plotted against elapsed time (x-axis). When discrepancies appear among the results obtained using VS compared to VEQ or ET, pinpointing the exact location of this discrepancy is challenging, as the data points do not correspond to the same x-axis of time. 
This study aimed to devise a method to construct a time-based VS graph to enable direct comparisons with VEQ and ET graphs.

Methods:
1) Developing a d plot
First, a parameter, d was calculated by simply subtracting VO2 from VCO2 (i.e., d = VCO2 – VO2) and then plotted against time. Figure 1 A-D Case-1 shows a panel in which the d-plot is displayed in the same manner as VEQ and ET plots. On the d-plot, when the respiratory exchange ratio (RER) is >1.0, VCO2 increments are plotted above the y = 0 line (RER = 1), whereas when RER is <1.0, VCO2 increments are plotted below the y = 0 line. The diagonal RER = 1 line on the VS plot becomes a horizontal line of y = 0 on the d-plot. This has an effect of removing VCO2 that changes proportionally (in the 1:1 ratio) to VO2, focusing only on the VCO2 changes against time. The d-AT was identified as the first ascending break point on the d-graph. Figure 1 shows an example of d-AT determination, with the agreement of three break points). 
2) Systematically evaluating the utility of d-plot for AT detection
A database of 127 subjects (age, 51 ± 21 years; 93 men; 66 healthy subjects, 20 under treatment for cardiovascular risk factors, and 41 with cardiac disease) who performed maximal symptom-limited exercise was used to assess the utility of the d plot (Table 1). The exercise ramp protocol was 5 W/min (n = 22), 10 W/min (n = 48), 15 W/min (n = 19), 20 W/min (n = 17), 25 W/min (n = 20), or 30 W/min (n = 1). The database was the same as used for our previous study to develop a mathematical derivation of AT (4), except for one case of duplication, which was removed. Cardiopulmonary exercise testing was performed using a stationary bicycle (StrengthErgo 8; Mitsubishi Electric Engineering, Tokyo) and a breath-by-breath gas analyzer (AE-300S; Minato Ikagaku Co., Tokyo). Written informed consent was obtained. The breath-by-breath gas change was transformed into an eight-breath moving average using Excel, and the AT was visually read on the respective Excel graphs. 
Each of the four AT detecting methods (VS, d, ET, and VEQ) was applied independently and blinded to the other methods. VS AT was determined by the modified method described by Sue (5). AT determination by d, ET, and VEQ was performed by identifying an ascending break point. All readings were conducted by the same investigator (H.N.). Each AT was also read twice in a random order within a span of 4 months to assess reliability. All AT readings were coded for a level of confidence at the time of each reading as 1: confident, 2: less confident, and 3: unable to detect AT. The last AT reading where the three plots: d, VEQ, and ET plots were simultaneously viewed (Combined) was performed two months after the above, with one week separating two readings. At the time of the Combined reading, differences between break points on the d-plot and VEQ plot were noted and coded as follows: code-0 as VEQ earlier than d, code-1 as VEQ within 1 min of d, code-2 as delayed > 1 min of d, code-3 as delayed until the respiratory compensation point (RCP). Code-4 as no single or detectable break point.
On the VEQ plot, VE/VCO2 is displaced downward by 20 units (see the legend: VE/VCO2 – 20: VE/VCO2 minus 20), to avoid overlapping plots by VE/VO2
Comparison between all five AT detecting methods (VS, d, VEQ, ET, and Combined) was conducted using repeated measures ANOVA. Calculations used the mean of the first and second reading values of each method (AT had to be determined on both occasions). Reliability of the method was assessed by using the limits of agreement (Bland-Altman) and was expressed as the coefficient of repeatability (CR), calculated as 1.96 times the standard deviation of the differences between the two measurements (6). 
This study was conducted in accordance with the principles of the Declaration of Helsinki. The research protocol was approved by the institutional review board of Kitano Hospital.

Results
The demographic and clinical information of the study group is summarized in Table 1. The basic cardiopulmonary exercise testing variables are shown in Table 2. 
[bookmark: _Hlk194600759][bookmark: _Hlk197023045][bookmark: _Hlk197023242]The mean AT and the AT detection rate of each method are presented in Table 3. The mean d-AT was significantly less than either the mean VS or VEQ AT (p < 0.001), but was not significantly different from the mean ET; that is, the d-AT break point appeared earlier than that of either VS or VEQ. The mean AT detected using the Combined method also agreed with d and ET. The detection rate of AT was approximately equal using d and VS (about 90%), but was substantially lower using VEQ and VE (about 80%). The simultaneous combined use of d, VEQ, and ET did not improve the AT detection rate. However, the combined use of all three plots revealed a group of subjects who manifested a delayed or suppressed ventilatory response (d vs. VEQ) in 48 subjects (code 2: n = 35, code 3: n = 11, and code 4: n = 2). An example of code 2 (VEQ-AT delayed >1 min of d-AT) is shown in Fig. 2 A-D Case-2, code 3 (delayed until RCP) in Fig. 2 E-H Case-3, and code 4 (no detectable VEQ-AT) in Fig. 2 I-L Case-4. Those with a delayed response were significantly older than those who did not show this abnormality (56.2 ± 21.6 vs. 46.6 ± 21.6, p < 0.05) and manifested a significantly lower peak VO2 (23.4 ± 9.9 vs. 28.1 ± 10.3 mL/min, p < 0.05). Clinical classification (healthy, risk factors, heart disease) and body weight were not related with this abnormality. In a comparison of d vs. ET, the delayed or suppressed ventilatory response was observed in 21 subjects. The d plot often displayed a more distinct break point than did the VS plot (Fig. 3 A-D Case-5). An example of hyperventilation masquerading as AT on the d plot is shown in Fig 3 E-H Case-6.
The CR was lowest with d (117) and VS (115) and larger with VEQ (152) and ET (175). When the confidence level of AT detection was code 1 (confident), CR decreased markedly in all methods (Table 3). 
The combined use of all three graphs suggested a changing trend pattern of VEQ-O2 and ET-O2 against VEQ-CO2 and ET-CO2 as an alternative method of detecting AT (Fig. 3 I-L Case-7). However, this method exhibited poor reliability (for details see SDC). 

Discussion
We devised a simple new time-based VS method in which changes of VCO2 are plotted against time. We calculated a new parameter, d as the difference between VCO2 and VO2 and plotted d against time. This enabled a direct comparison of breakpoints and AT derived from using the VS method against ET and VEQ, the other two methods commonly used to detect AT. With the conventional VS method, the y-axis variable, VCO2, is continuously increasing (initially at about 45 degrees to the x-axis), thus to detect AT requires discernment of a further disproportionate rise. In contrast, the d-method requires a simple judgement of an ascending point against the level x-axis. 
Traditionally, three methods of AT detection have been employed: VS, ET, and VEQ (1). The VS method plots VCO2 against VO2, whereas the ET and VEQ method plots respective values against time. The lack of a common reference axis makes it visually difficult to assess exactly how a break point on VS corresponds to a break point on ET or VEQ; thus, any existing differences are difficult to pinpoint. 
In the past, excess CO2 (calculated either as [VCO22 / VO2 − VCO2] or [VCO2 − 0.75 × VO2], has been used as a time-based measure (7, 8). The value (VCO2 − VO2) / heart rate has also been used (9). We used the reverse term, VO2 − VCO2, to describe the phenomenon of a rightward shift of VS (10). Except for one report, all of the other reports focused on the physiological study of AT. Only Gaskill (7) used excess CO2 to determine individual AT in 185 subjects (athletes, active and sedentary adults) using three methods of AT: VEQ (time-based), excess CO2 (time-based), and VS. He stated that combining all three significantly decreased the CR of AT to about 230 mL/min. 
There are instances in the literature where ET and VEQ are plotted against VO2, making the x-axis the same as that used for VS (11). The merits of this method have not been studied systematically. Furthermore, with VO2 as the x-axis, multiple overlapping y-values of ET or VEQ may exist. On the other hand, a time-based method allows only one data point for a time line point on the x-axis, which is more advantageous for pinpointing break points. 
The mean d-method AT occurred significantly earlier than that in VS AT. The cause is speculated as follows. The d-method detects the leading edge of a VCO2 increase on the time axis, as ET or VEQ does. With the VS plot, VCO2 data points often overlap in the close vicinity on the same VO2 value. Therefore, the AT break point serves as an approximate average.
The cause for the delay of VEQ-AT (detecting a rising break point of VEQ-O2) is probably related to the fact that it often occurs against the descending limb of VEQ-CO2 (see SDC for detailed discussion).
The group of subjects who show a delayed or suppressed ventilatory response were more clearly identified using the d-method. The pathophysiological significance of this phenomenon is not clear from the present study.
 Somewhat surprisingly, the d-method did not result in less error or a higher AT detection rate compared to VS. This was probably because the assessor had more than 10 years of experience of detecting AT primarily using VS, whereas d was developed within the past few years. Reliability in AT detection requires a certain amount of experience (12,13). Considering this factor, the learning curve of the d-method may be much steeper than that of VS. A trade-off exists between the CR and the rate of identified AT. If CR decreases (less error), the detection rate of AT falls. CR of d, VS, ET, VEQ, and Combined were comparable to that of Myers (14).
Limitation of the study: The d-method was tested by one assessor and in one population of subjects. The method needs to be validated by other investigators in various other populations. 
In summary, little effort has been exerted to align the three common AT detection plots on the same time axis. We devised a simple new time-based VS representation in which changes of VCO2 are plotted against time. This enabled a direct comparison of break points between the VS and the ET and VEQ, two other methods of AT detection. This new method is expected to make the AT detection easier and more reliable. Furthermore, one major advantage is that d-AT could graphically delineate different VCO2 and ventilation responses to exercise.
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Figure legends:
1) Fig. 1 (A-D) Case-1. Time aligned plots of d, ET, and VEQ.
[bookmark: _Hlk198467579]Four plots are displayed in the panel: from top to bottom; (1) v-slope, (2) d (VCO2−VO2), (3) end-tidal (ET-O2, ET-CO2), and (4) ventilatory equivalent (VEQ: VE/VO2, VE/VCO2). The arrow “ramp” indicates the start of ramp exercise. On (2) d plot, solid black dots represent d and gray dots represent VO2. On (3) ET and (4) VEQ plots solid black dots represent ET-O2 and VEQ-O2, respectively, and gray dots represent ET-CO2 and VEQ-CO2, respectively. On the VEQ plot, VE/VCO2 is displaced downward by 20 units (represented as VE/VCO2 – 20: VE/VCO2 minus 20), to avoid overlapping plots by VE/VO2..The v-slope plots VCO2 against VO2; d, ET and VEQ are plotted against time (s). The plots (2), (3), and (4) are aligned vertically against time. AT determined using d, ET and VEQ agrees (as shown by a vertical broken line). All subsequent plots follow the same basic design. 

2) Fig. 2 (A-D) Case-2. Delayed AT detection using ET and VEQ as compared with d.
The ascending break point (AT-d) is clearly observed on the d plot, whereas it is much less clear on the ET (AT-ET) and VEQ (AT-VEQ) plots, and it is delayed compared to that in the d plot. Two broken lines contrast the difference.

Fig. 2 (E-H) Case-3. No ET or VEQ ascending break points noted until RCP
No clear ascending break points are observed on ET and VEQ plots, until the appearance of the respiratory compensation point (RCP). A broken vertical line contrasts a break point (AT) on d and no break point on ET and VEQ.

Fig. 2D (I-L) Case-4. No AT break point apparent on ET or VEQ plots
The AT break point is difficult to identify on the ET plot, and no identifiable AT break point is discernible on the VEQ plot, despite a clear VCO2 response on the d and V-slope. This suggests an inadequate ventilatory response to CO2. A broken line contrasts the difference.

3) Fig. 3 (A-D) Case-5. Easier identification of a break point on d rather than on v-slope.
The clearly defined AT may be harder to identify on v-slope, whereas it is easier on d, which coincides with those on ET and VEQ (as shown by a broken line). 

Fig. 3 (E-H) Case-6. F Hyperventilation
The first ascending break point on d appears to be contaminated by hyperventilation as confirmed by the increase in ET-O2 and the decrease in ET-CO2, and the increases in both VEQ-O2 and VEQ-CO2 (first broken line). However, whether the second break point (potential AT, second broken line) is the true AT is debatable. The true AT may be buried somewhere in the hyperventilation artifact. HV, hyperventilation.

Fig. 3 (I-L) Case-7. Trend pattern changes on ET and VEQ plots
The d break point appears to coincide with the ascending break point on the ET plot; however, on the VEQ plot, it coincides with the junction point where the descending and the plateauing (levelling off) trends meet. The ascending break point occurs much later (see SDC for detailed discussion).
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able 1. Demographic and clinical characteristics
	
	Healthy
(n = 66)
	Those with CV risks
(n = 20)
	Patients with cardiac disease
(n = 41)

	Age, y
	38 ± 21*
	59 ± 11
	67 ± 9

	Sex (male/female) 
	47/19
	20/0
	26/15

	Body weight, kg
	62 ± 10*
	72 ± 7
	59 ± 9

	Height, cm
	167 ± 8
	167 ± 5
	160 ± 8

	Body mass index, kg/m2
	22.0 ± 3.1
	25.8 ± 2.9
	23.3 ± 3.1

	Heart disease etiology: ischemic (%)
	NA
	NA
	76

	Medications (n)
	NA
	
	

	ACE or ARB
	
	9
	16

	Diuretic
	
	2
	7

	Beta-blocker
	
	0
	17

	Inotropics
	
	0
	0

	Ca channel blocker
	
	17
	7

	Anti-lipidemic
	
	3
	16

	Anti-diabetic
	
	2
	4


* P-value was significant (p <0.05) by one-way analysis of variance.
CV, cardiovascular; ACE, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; Ca, calcium.


Table 2. Cardiopulmonary exercise testing
	
	Healthy subjects
(n = 66)
	Patients with CV risks (n = 20)
	Patients with heart disease (n = 41)

	Ramp duration, s
	554 ± 141
	586 ± 136
	503 ± 150

	Peak work rate (W)
	171 ± 65
	125 ± 37
	73 ± 29

	Borg scale (/20)
	16.7 ± 1.3
	16.8 ± 1.4
	15.4 ± 1.6

	VO2, mL/min/kg
	33 ± 9
	22 ± 6
	16 ± 4

	% predicted peak VO2
	104 ± 19
	87 ± 15
	76 ± 18

	VO2, mL/min
	2041 ± 731
	1593 ± 395
	989 ± 332

	VCO2, mL/min
	2396 ± 871
	1824 ± 478
	1102 ± 398

	R
	1.17 ± 0.10
	1.14 ± 0.09
	1.11 ± 0.09

	AT (by VS), mL/min
	16.9 ± 3.9
	12.4 ± 3.3
	10.6 ± 2.3

	AT, % peak VO2
	54 ± 12
	54 ± 7
	66 ± 11

	HR, bpm
	164 ± 23
	136 ± 28
	117 ± 19

	BP-systolic, mmHg
	187 ± 25
	196 ± 25
	174 ± 29

	Respiration rate, /min
	40 ± 10
	33 ± 5
	27 ± 7

	Minute ventilation, L/min
	71 ± 24
	61 ± 14
	37 ± 13

	Tidal volume, mL/min
	1786 ± 436
	1875 ± 337
	1398 ± 401





Table 3. Five AT detection and reliability methods
	All AT readings (confidence code = 1 and 2)
	
	Confidence 
code = 1 only

	
	
	

	AT
	n
	%
	mean
	d
	VS
	veq
	et
	comb
	CR
	
	n
	%
	CR

	d
	114
	90 
	857 ± 414
	-
	*
	*
	
	
	117 
	
	91
	72 
	86 

	VS
	116
	91 
	939 ± 407
	*
	-
	
	*
	*
	115 
	
	81
	64 
	89 

	VEQ
	94
	74 
	946 ± 376
	*
	
	-
	*
	*
	152 
	
	80
	63 
	124 

	ET
	100
	79 
	862 ± 379
	
	*
	*
	-
	
	175 
	
	78
	61 
	147 

	Comb
	116
	91 
	869 ± 414
	　
	*
	*
	　
	　-
	119 
	
	48
	38 
	59 


＊, p<0.05 (Bonferroni, after repeated measures ANOVA)


Figure1
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Figure2
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Figure3
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SDC
SDC Table-1. ET- and VEQ-AT read at the point of trend change (ET2, VEQ2)
	AT
	n
	Detection
(%)
	Mean AT
(mL/min)
	SD
	CR
	ET1
	ET2
	VEQ1
	VEQ2

	ET1
	100
	79
	871
	311
	175
	-
	
*
	
*
	

	ET2
	112
	88
	831
	303
	233
	
*
	-
	
*
	

	VEQ1
	94
	74
	973
	328
	152
	
*
	
*
	-
	
*

	VEQ2
	111
	87
	874
	284
	241
	
	
	
*
	-


*, p<0.05 by Bonferroni procedure (following repeated measures ANOVA)

The trend change pattern.
ET1-AT was read at an ascending BP, as conventionally done. For the reading of ET2-AT, the trend change pattern of ETO2 and ETCO2 was used. The trend change pattern of ETO2 and ETCO2 was defined as follows: in general, during the incremental exercise ETO2 displays a U-shaped pattern and ETCO2, an inverted U (see Fig. 1). As the ETO2 curve descends, the ETCO2 ascends and then they begin to run in parallel (until the ETO2 displays an ascending break point, i.e. AT). If ETO2 begins to plateau while ETCO2 is still ascending, it is defined as the point of trend change or departure and read as AT. For VEQ, both VEQ-02 and VEQ-C02 initially descend and then plateaus running in parallel (until VEQ-O2 displays an ascending break point, i.e. AT). If VEQ-02 plateaus while VEQ-CO2 is still descending, it is considered the point of trend change and read as AT (Fig. 7).
The upward BP of VEQ-02 predominantly occurred against the descending limb of VEQ-CO2, whereas the upward BP of ET-O2 occurred predominantly against ascending limb of ET-CO2 (Fig. 7). Graphically, this would make the appearance of upward BP of ET-O2 easier and that of VEQ-O2 more difficult.
As shown on the Table 1, the mean AT significantly decreased (AT appeared earlier) by adopting the point of trend change approach. However, the coefficient of repeatability (CR) substantially decreased.
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