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Abstract

Lactate/Pyruvate ratio (LPR) from microdialysis is a well established marker of cerebral metabolic
crisis. For brain injury patients, abnormally high LPR could indicate cerebral ischemia or failure
of O, uptake. However, there is a debate on what is primary factor responsible for LPR increase.
Exploiting the potential of using the morphology of a high temporal resolution signal such as
intracranial pulse (ICP) to characterize cerebrovascular changes, a data analysis experiment is
taken to test whether consistent changes in ICP pulse morphological metrics accompany the LPR
increase. We studied 3517 hours of LPR and continuous ICP data from 19 severe traumatic brain
injury (TBI) patients. Our Morphological Clustering and Analysis of Intracranial Pressure
(MOCAIP) algorithm was applied to ICP pulses, which were matched in time to the LPR
measurements, and 128 pulse morphological metrics were extracted. We automatically identified
the episodes of LPR increases using a moving time-window of 10 to 20 hours. We then studied the
trending patterns of each of the 128 ICP MOCAIP metrics within these identified periods and
determined them to be one of the following three types: increasing, decreasing, or no-trend. A
binomial test was employed to investigate whether any MOCAIP metrics shows a consistent type
of trend among all episodes of LPR increase per patient. Regardless of the selected values for
different parameters of the proposed method, for the majority of the subjects in the study (78%),
none of the ICP metrics show any consistent trend during the episodes of LPR increase. Even for
the few subjects who have at least one ICP metric with a consistent trend during the LPR increase
episodes, the number of such metrics is small and varies from subject to subject. Given the fact
that ICP pulse morphology is influenced by the cerebral vasculature, our results suggest that a
dominant cerebral vascular cause may be behind the changes in LPR when LPR trends correlate
with ICP pulse morphological changes. However, incidence of such correlation seems to be low.
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1-Introduction

Intracerebral microdialysis (MD) is a brain monitoring modality introduced recently for
neurocritical care of brain injury patients. The chronic implementation of MD probes in the
human brains was first studied by Persson et al. in 1992(Persson and Hillered, 1992). The
authors found a 25-fold increase in extracellular fluid glutamate, aspartate, and taurine under
conditions of energy perturbation in patients in the neurosurgical intensive care unit, as
indicated by high levels of the lactate/pyruvate ratio (LPR). Since then, there have been
several studies to examine the patterns of change in microdialysate concentrations of
glucose and LPR in acute brain injury conditions. Hlatky et al. showed that although
changes in the brain tissue PbtO2 provided the earliest sign of hypoxia/ischemia, the
microdialysis assays provided additional information about the consequences that the
reduced tissue PbtO2 has on brain metabolism and this information may be helpful in
managing the critically ill patients (Hlatky et a/., 2004). Vespa et al. compared microdialysis
values with the regional mean positron emission tomography values adjacent to the probe
and concluded that traumatic brain injury leads to a state of persistent metabolic crisis as
reflected by abnormal cerebral microdialysis LPR that is not related to ischemia(\VVespa et
al., 2005). More recently, the authors in (Timofeev ef al., 2011b) reported that perilesional
tissue chemistry has demonstrated a significant independent relationship with ICP, PbtO2
and cerebral perfusion pressure (CPP) thresholds, with increasing LPR in response to
decrease in PbtO2 and CPP, and increase in ICP. In another work from the same group
(Timofeev et al.,, 2011a), it was shown that LPR and mean ICP; among other parameters e.g.
cerebrovascular pressure reactivity index, were significantly higher in patients who had died
comparing to the ones who survived.

The common theme in these existing studies has been to correlate MD metrics such as LPR
with variables obtained from other brain monitoring or imaging tools to gain better
understanding of both measurements. Given the fact that these measurements arise from
complex hemodynamic and biochemical processes, such a cross-modality approach is very
valid in promoting a deeper analysis to gain a more comprehensive clinical picture that these
measurements project. The present work furthers our previous studies of using ICP pulse
morphology as a probe of cerebrovascular changes (Asgari et al., 2011) to test the
hypothesis that there will be consistent ICP morphological changes in correspondence to the
episodes of LPR increase if cerebral vasoconstriction is the primary reason for LPR
increase.

ICP pulses have a clear vascular origin as demonstrated in the experiments reported in some
early studies (Adolph et al., 1967; Laitinen, 1968). As such, cerebrovascular changes,
especially those of acute nature, can modulate the shape of individual ICP pulses. Such
observations are abundant in existing reports (Cardoso et al., 1983; Cardoso et al., 1988;
Czosnyka et al., 1996; Solheim et al., 2008). However, a more quantitative approach to
characterize this has only been possible recently due to the availability of new tools of
analyzing ICP pulse morphology (Eide, 2006; Ellis et al., 2007; Hu et al., 2009). In
particular, we studied ICP pulse morphological changes, across different patients, caused by
hypercapnia-induced acute cerebral vasodilatation (Asgari et al., 2011). Applying
Morphological Clustering and Analysis of Intracranial Pressure (MOCAIP) algorithm to
each ICP pulse, 128 morphological metrics were extracted and the consistency and rate of
change for each individual metric was assessed. The results demonstrated that the acute
cerebral vasodilatation/vasoconstriction causes consistent changes in 78 out of these 128
ICP MOCAIP metrics. Built upon this previous study, we aim to use the MOCAIP analysis
of ICP to investigate whether consistent morphological changes of ICP pulse accompany
LPR increases. This investigation would hence help test our hypothesis because consistent
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alternations of ICP pulse morphology would be a necessary condition for the presence of a
mono-phasic cerebrovascular changes.

2- Materials and Methods

2.1. MOCAIP algorithm

MOCAIP algorithm has been recently developed for the automatic extraction of
morphological features of ICP pulses in real time (Hu et a/., 2009). The framework is
capable of enhancing ICP signal quality, recognition of legitimate (not contaminated with
noise and artifacts) ICP pulses and detection of the three sub-peaks and three sub-nadirs of
an ICP pulse. Following the identification of these six landmarks on an individual ICP pulse,
MOCAIP extracts 128 additional pulse morphological metrics based on the identified
landmarks. Thus far, the proposed algorithm has been validated as a technical advancement
toward a new paradigm of more comprehensive information extraction from ICP in several
studies; prediction of acute ICP elevation(Hu et a/., 2010), continuous detection of cerebral
hypoperfusion(Hu et al.), automated classification of ICP B-waves (Kasprowicz et al.) and
detection of cerebrovascuar changes happening during vasodilation/vasoconstriction(Asgari
et al.,, 2011). Also the performance of different individual processing blocks of the algorithm
has been significantly improved applying novel and sophisticated signal processing
method(Asgari et al.,, 2009; Asgari et al., 2010; Scalzo et al., 2009; Scalzo et al., 2010).

The readers are referred to(Asgari et al., 2011) for more information regarding the
identification of the six landmarks on an individual ICP pulse and extracting 128 additional
pulse morphological metrics.

2.2. Automatic Detection of Lactate/Pyruvate ratio (LPR) Increase Episodes

In order to perform automatic identification of the episodes of the LPR increase, the
following procedure was implemented for each patient. A moving window of length L
samples with n % overlapping were applied to the collected LPR data. By applying a
constraint on the time length of each resulted subsegment (zin hours) as 72 < z< 7, the
unreasonably long (or unreasonably short) subsegments were excluded from further
processing. Then the LPR data of the subsegments with reasonable time length were
resampled at a sampling frequency of 1 sample/hour and a line was fitted to the resampled
data using an iteratively reweighted least square with a bisquare weighting function(Holland
and Welsch, 1977). This robust regression technique (Hadi and Simonoff) minimizes the
influence of poor quality LPR data points on the goodness of the fit and provides more
precise estimates of the parameters of the model ( &= [s/ope, intercepd ™). Therefore,
additional scale factors (weights) that are inversely proportional to the variance at each level
of LPR data were included in the least square fitting process as Minimize ([ Y - Y]7 x Wx[ Y
— 7)), where Yand Yare the vectors of N observed and estimated LPR data points over each
subsegment, respectively. Wis the diagonal weight matrix whose elements are given as

) .
w,.:{l () <l N,

0 Otherwise

and uj, 71,..., Nare the adjusted and standardized residuals(Hadi and Simonoff, 1993).
Denoting X as the vector of time data points for each subsegment, the parameters of the
model were estimated as b= (X7 WX)™1 X7 WY and two diagnostics statistics for the
regression were calculated; o the probability of f-statistic (the coefficients divided by their
standard error) and w,,;;, the minimum weight among the diagonal elements of matrix W.
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An LPR increase episode was defined as a sub-segment with p < thres ,and W, > thres,,
where thres, and thres,, are two thresholds to adjust the degree of the goodness of the fit and
the sensitivity to the outliers, respectively. In the present work, the baseline values for
parameters that determine the episodes of LPR increase are set as: L = 10 samples, = 90%,
7=20 hours, thres ,= 307 percentile of all pvalues for the corresponding patient, and
thres ,,= 95 of the w,;, values for the corresponding patient.

2.3. Determining the Trend of Change of the ICP Metrics during the Identified Episodes of
LPR Increase

Following identification of the LPR increase episodes for each patient, we determine the
direction and rate of change for each of 128 ICP MOCAIP metrics by adopting the same line
fitting procedure for LPR, as described in the last section, to the values of the metric over
the corresponding LPR increase episode. The values of ICP metrics for a specific LPR
increase episode are obtained from the dominant ICP pulse closest in time to the timing of
LPR measurement. Then the slope of the fitted line would be accepted as a rate of change
for the corresponding ICP metric, if its p (indicator of goodness of the fit as described in the
previous subsection) is smaller or equal to #res ,. Hence, based on the above probability
threshold test, a trend of change is assigned to each ICP metric during an LPR episode as
either positive “+” (a statistically significant positive slope) or negative “-"(a statistically
significant negative slope) or zero “0” (a statistically non-significant slope).

2.4. Verification of the Consistency of the Trend of Change during the Identified Episodes
of LPR Increase

Employing the trend analysis described before, each individual ICP metric may result in
different trends (positive, negative or zero) during different LPR increase episodes.
Therefore, a method needs to be developed to quantify the consistency of such a trend in
association with LPR increase for a patient. In the current work, we use a binomial test to
examine whether a MOCAIP ICP metric has a consistent trend (increasing or decreasing)
with a probability greater than odds of 1/3 with 95% confidence. For this purpose, the
percentage of the LPR episodes resulted in a positive or negative trend is calculated for each
patient and each ICP metric. Then these percentages are compared with a threshold &
obtained from the inverse of the binomial cumulative distribution function with success rate
of 1/3 and number of trials equal to the number of LPR increase episodes. A trend is
considered as a consistent one, if the percentage of LPR increase episodes where the
corresponding ICP metric has a positive (or negative) slope is greater than &, indicating that
observing such a trend for a MOCAIP metric during episodes of LPR increase is beyond a
random occurrence.

2.5. Patient Data

The study group consists of 19 severe TBI patients (2 females, 17 males) with average age
of 41.9 £ 22.7 years old. The patients had both ICP and microdialysis measurement during
their stay at UCLA medical center and consented for allowing their data to be analyzed
under the protocol as approved by the UCLA Internal Review Board.

The patients received continuous intracranial pressure monitoring for the clinical purpose
using ventricular catheter. Simultaneous cardiovascular monitoring was performed using the
bedside GE monitors. ICP and lead 11 of ECG signals were archived using the BedMaster
system that collects data (sampling frequency of 240 Hz) from the GE Unity network to
which the bedside monitors were connected to.

The Cerebral microdialysis was performed using the CMA70 probe (10 cm flexible shaft,
10mm membrane length, 20 kDa cutoff, CMA, Stockholm, Sweden) inserted via a twist drill
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burr hole adjacent to an existing ventriculostomy. The microdialysis catheter was inserted
into a depth of 1.5 to 2cm below the dura at an angle 30 degrees lateral to the trajectory of
the ventriculostomy, to place the catheter tip into the white matter in the nondominant
frontal lobe. The probe was tunneled 3cm under the skin and secured to the scalp with a flat
profile, and then attached to the CMA103 perfusion pump. Normal saline was perfused
through the catheter at 2 mL/min, and fluid was collected (to control for systemic changes in
glucose, lactate and pyruvate) and then placed into dry ice or directly into the CMAG600
instrument. Then the lactate/pyruvat ratio were calculated for each existing MD
measurement.

2.6. Data Analysis and Validation Protocol

3-Results

MOCAIP algorithm was applied to an hour of ICP data around each MD measurement. As a
result, a representative ICP pulse (called dominant pulse) was calculated from every 4
minutes of consecutive ICP data using a clustering method. For each dominant ICP pulse,
six landmarks were identified and 128 pulse morphological metrics were extracted. All LPR
increase episodes were identified using the method described in subsection 2.2 and a trend
of change was assigned to each ICP metric during the corresponding episode. Then the
binomial test of subsection 2.5 was applied to verify whether each ICP metric has a
consistent trend accompanying LPR increase episodes.

2261 microdialysis data samples were collected in an average interval of 1.7 + 0.4 hours
from 19 patients. The mean and standard deviation of the number of collected MD samples
per patient is (119 = 80 ). As figurel-A shows, there is a considerable inter-subject
variability on the time duration of MD measurements (mean of 185 + 122 hours). The mean
of the measured LPR over all subjects of the study is 31.45 + 16.81.

Under the baseline parameters, we found a total of 258 episodes of LPR increase. We note
that the highest percentage of sub-segments identified as an LPR increase episode using the
proposed method are obtained from patients #1 and 7, while no such episode has been
identified for patient #5.

The LPR measurements for patients # 1, 5 and 7 have been demonstrated in Fig. 2 and the
beginning and the end of the first and last LPR increase episodes have been identified (the
sample points which belong to at least one of the identified LPR increase episodes are
highlighted with the red color). We observe that LPR data of patient #5 does not include any
increase episode of 10 samples with time range of 10 to 20 hours, while the LPR data of the
other two subjects contains several of such episodes.

The results of the trend analysis of LPR time series for subject #1 are presented in Fig. 3.
Plot A shows the percentage of LPR increase episodes where the corresponding ICP metric
has either a positive (increasing), negative (decreasing) or zero trend (no-trend). We observe
that few ICP metrics for subject #1 have a high percentage of episodes with an increasing/
decreasing trend. In fact, implementing the consistency analysis with & = 66% reveals that
the 14 and 15! ICP metrics (mean ICP and diastolic pressure) have a consistent decreasing
trend, while the 33" ICP metric (the ratio of the first peak to the second peak of the ICP
pulse) has a consistent increasing trend. Plots C through E show these three metrics over the
time, during the identified LPR increase episodes (Plot B). As these figures show, mean ICP
and diastolic pressure start to p decrease from around 20 mmHg to below 10 mmHg, while

P

the ratio of P increases from 1 to 2.4. The dotted black line on plots B through E is the line
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fitted to the corresponding data during the last LPR increase episode, using the weighted
least square method described in subsections 2.2 and 2.3.

Performing the same trend analysis for patient #7 (Fig. 4) reveals that most of the ICP
metrics show no trend and even for the few metrics which demonstrate an increasing or
decreasing trend, the percentage of episodes with those trends are very small (figure 4(A)).
This is such that none of the ICP metrics of subject #7 passes the binomial test for the
consistency of the metric trend. The no-trend conclusion for the ICP metrics of this subject
can be confirmed from figures 4(C) through 4(E) where the values of the three metrics

D]
(mean ICP and diastolic pressure and 1)_2) have been shown over the time. We observe that
the discrepancies between the values of these MOCAIP metrics and those expected from the
fitted lines are large due to the lack of a monotonic trend. As a result, a “zero trend” is
assigned to these three metrics.

The percentages of the ICP metrics with consistent trend for all the subjects in the study
using default values of the parameters ( L = 10, T 20 hours, thres , = 30% percentile and
thres ,,= 5 percentile ) have been presented in figure 5(A). We observe that for 15
subjects, there is no ICP metric with a consistent trend over all episodes of LPR increase.
For subjects #1, #8, and #18, there exist only few ICP metrics (less than 17 metrics) with
consistent trend, while half of the ICP metrics for subject #19 demonstrate either a
consistent increasing or consistent decreasing trend.

To investigate the effect of the values of different data analysis parameters on the results of
the presented study, we repeated the same analysis for 7= 10 hours (Fig. 5(B)), 7= 30
hours (Fig. 5(C)), L = 5 samples (Fig. 5(D)), L = 15 samples (Fig. 5(E)), thres = 207
percentile (Fig. 5(F)), thres = 40" percentile (Fig 5. (G)), thres ,,= 15, percentile (Fig.
5(H)) and thres , = 25" percentile (Fig. 5(1)). We note that choosing different values for
different parameters may change the percentage of those ICP metrics with consistent trend
for some of the patients. But for the majority of the subjects of the study (14 subjects), most
of the ICP metrics (more than 95%) do not show any consistent trend during the episodes,
regardless of the chosen values for the parameters.

More investigation reveals that the only ICP metric with a consistent trend over all the
aforementioned cases of subject #8 is mICP (decreasing trend), while there is no common
ICP metrics with a consistent trend over all the aforementioned cases of subject #18. The
ICP metrics with a consistent trend over the cases of subject #19 is pulse latency (increasing
trend), diastolic pressure (decreasing trend) and the ratio of the second peak to the third peak
of the ICP pulse (decreasing trend).

As a result, even for the five patients whose percentage of ICP metrics with consistent trend
was above 5% for some parameters values, there exists no common ICP metric which is
consistently increasing or decreasing over the LPR increase episodes.

4-Discussion

For the last two decades, cerebral microdialysis has become a commercially available
clinical tool to monitor brain biochemical process during neurointensive care (Meyerson et
al., 1990). MDis primarily focused on markers of cerebral energy metabolism (glucose,
lactate, and pyruvate), cell damage (glycerol), and neurotransmitters (glutamate) (Ungerstedt
and Rostami, 2004). Some studies have shown that the lactate/pyruvate ratio could be a
sensitive indicator of changes in the redox state of cells caused by cerebral hypoxia or
ischemia (Tisdall and Smith, 2006; Kawai et al.; Hillered et al., 2005). Other studies have
demonstrated that during hypoglycemic events, cerebral blood flow increases and this
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implies that the increased LPR is unlikely to be ischemia-related (Choi et a/., 2001; Kennan
et al., 2005). Consequently, the context of an increase in LPR should be considered carefully
before any conclusions about its pathophysiology are drawn (Larach et al.). In fact,
establishing such a context to explain LPR increase would provide a viable clinical decision
support for prescribing appropriate actions to avert further LPR increase beyond dangerous
level. This vision motivated the investigation of ICP pulse morphological changes in
association with LPR increase for the present work.

ICP is an established monitoring modality for neurocritical care and realizing its potential to
provide additional real-time information concerning cerebrovascular changes is becoming
feasible based on a recently developed ICP pulse morphological analysis algorithm (Hu et
al., 2009) and its two applications of; 1) using derived ICP pulse morphological features to
detect cerebral hypoperfusion (as Xenon133 CBF < 20) (Hu et al)) and; 2) to assess acute
cerebral vasodilatation caused by cerebral hypercapnia (Asgari et al., 2011), respectively.
Since a consistent ICP pulse morphological changes is a necessary condition for a mono-
phasic cerebral vascular change such as cerebral vasoconstriction or vasodilatation, the lack
of such consistent ICP pulse morphological changes during LPR increase would help rule
out a cerebral vascular cause of LPR increase.

Our results suggest mono-phasic cerebral vascular changes are probably not a frequent
reason for observed LPR increase in the TBI patients studied. This conclusion is in
agreement with those of some other existing studies(Vespa et al., 2007; Nelson et al., 2004;
Bjerring et al.), which were not able to find an association between LPR increase and ICP,
cerebral perfusion pressure, and cerebral ischemia. So we believe that factors other than
cerebrovascular nature and cerebral hemodynamics seem to be primarily responsible for
LPR increase in TBI patients (Larach et a/,, 2011). This conclusion may seem to be in
contrast with those of the recent work of (Timofeev et al., 2011a). Please note that although
the presented work and that of (Timofeev et al., 2011a) are related, their goals and
approaches are completely different. The present work tries to investigate whether there
exist any consistent morphological changes (rather than just focusing on the mean value) of
the ICP signal when LPR increases over time, while the authors in (Timofeev et al., 2011a)
try to find the correlation of mean ICP, LPR and other related parameters with the outcome
of the patients. So in some sense, the present work looks at the dynamic changes of ICP over
time and its correlation with LPR within individual patient, where the focus of the
(Timofeev et al.,, 2011a) has been on the association between overall values of ICP and LPR
and the outcome across patients.

We acknowledge that changing several data analysis parameters (as illustrated in Fig.5) for
automatic identification of an LPR increase episode may affect the number of identified
episodes and consequently the percentages of the time when a specific MOCAIP metric is
correlated with the LPR increase or the number of such metrics with a consistent trend. But
for majority of the subjects in the study, there is still no significant correlation between any
of the ICP metrics and the LPR increase and hence the qualitative results obtained under the
baseline parameters still remain valid.

It should be also noted that MD values were obtained on an hourly basis. As such, one
limitation of the present study would be related to the mismatched temporal resolutions of
MD and ICP pulse morphological features. Cerebrovascular changes (vasoconstriction) can
occur within a short period of time and stay unchanged. As a consequence, LPR can still
gradually increase after completion of cerebrovascular changes, which would result in
inconsistent ICP pulse morphological changes over the long period. The current experiment
design will not be able to rule out these short-term cerebrovascular alternations as possible
reason for LPR increase.
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We should be also cautious in our usage of a recent finding that acute cerebral vasodilatation
caused by hypercapnia is associated with consistent ICP pulse morphological changes
(Asgari et al.,, 2011) to establish the consistent ICP pulse morphological changes as a
necessary condition for any mono-phasic cerebrovascular alternations. Acute cerebral
vasodilatation developed within minutes as hypercapnia was introduced through inhaling
from a CO, gas mixture. In the present work, we were investigating ICP pulse
morphological changes in a period of hours. This time-scale mismatch may have invalidated
establishing cerebrovascular changes based on the criterion of consistent ICP pulse
morphological changes. LPR is a local measure of brain biochemical process while ICP
pulses morphology reflects global changes. This factor may be also responsible for the lack
of observing consistent ICP pulse morphological changes in association with LPR increase.

5-Conclusion

For the majority of the subjects of the study, none of the ICP metrics show any consistent
trend during the LPR increase episodes of at least 5 hours. Even for the few remaining
subjects, the number of ICP metrics with a consistent trend is very small and those metrics
varies from subject to subject. In conclusion, no clear relationship was found between the
LPR increase and the alternation of the intracranial pressure pulse morphology.
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Figure 1.

M?crodialysis data and episodes of Lactate/Pyruvate ratio (LPR) increase for all the subjects.
(a) Time duration of microdialysis measurements in hours; (b) Number of the automatically
identified LPR increase episodes; (c) Percentage of subsegments with length of 10 samples
which are identified as an episode of LPR increase using the proposed method.
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The microdialysis data (LPR) measured over the time of study for three patients. All the
sample points which belong to at least one automatically identified LPR increase episodes

are highlighted with the red color. (a) patient #1; (b) patient # 5; and (c) patient #7.
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Figure 3.

Trend analysis for patient #1. (a) Percentage of LPR increase episodes with increasing or
decreasing trend for all 128 ICP metrics; (b) The measured LPR over the time; (c) mean ICP
(mmHg) over time; (d) diastolic pressure (mmHg) over time; (€) the ratio of the first peak to
the second peak of the ICP pulse over time. All the sample points which belong to at least
one automatically identified LPR increase episodes are highlighted with the red color. The
dotted lines on (b), (c), (d) and (€) are the regression lines robustly fitted to the
corresponding data during the last identified episode of LPR increase (Iength of 10 samples).
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Trend analysis for patient #7. (a) Percentage of LPR increase episodes with increasing or
decreasing trend for all 128 ICP metrics; (b) The measured LPR over the time; (c) mean ICP
(mmHg) over time; (d) diastolic pressure (mmHg) over time; (€) the ratio of the first peak to
the second peak of the ICP pulse over time. All the sample points which belong to at least
one automatically identified LPR increase episodes are highlighted with the red color. The
dotted lines on (b), (c), (d) and (€) are the regression lines robustly fitted to the
corresponding data during the last identified episode of LPR increase (length of 10 samples).
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Figureb.

The percentage of the ICP metrics with consistent increasing (or consistent decreasing trend)
for all the subjects in the study using different values of the parameters. (a)The default
values of the parameters as (L = 10, 7= 20, thres = 30 percentile and thres ,= 5%
percentile); (b) decreasing 7, ( L =10, 7= 10, thres ,= 30 percentile and #hres ,,= 5%
percentile); (c) increasing 7, ( L = 10, thres ,, T= 30, thres = 20" percentile and thres ,=
5% percentile); (d) decreasing L, ( L =5, 7= 10, thres ,= 407 percentile and thres ,= 51
percentile); (e) increasing L, (L =15, 7= 10, thresp40”7 percentile and tAres , = 5
percentile); (f) decreasing thres p, ( L =10, 7= 10, thres ,= 20" percentile and thres ,,=
25" percentile); (g) increasing thres p, (L =10, T= 10, thres = 40 percentile and thres ,,,
= 25 percentile); (h) increasing, thres ,, (L = 10, 7= 10, thres p= 30" percentile and
thres ,, = 15" percentile): (i) increasing thres ,, ( L = 10, T =10, thres =30 percentile
and thres ,= 25" percentile).

Physiol Meas. Author manuscript; available in PMC 2012 October 01.



