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Prediction Model for Contractile Function 
of Circulatory Death Donor Hearts Based 
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BACKGROUND: Hearts procured from circulatory death donors (DCD) are predominantly maintained by machine perfusion (MP) 
with normothermic donor blood. Currently, DCD heart function is evaluated by lactate and visual inspection. We have shown 
that MP with the cardioplegic, crystalloid Custodiol- N solution is superior to blood perfusion to maintain porcine DCD hearts. 
However, no method has been developed yet to predict the contractility of DCD hearts after cardioplegic MP. We hypothesize 
that the shift of microvascular flow during continuous MP with a cardioplegic preservation solution predicts the contractility 
of DCD hearts.

METHODS AND RESULTS: In a pig model, DCD hearts were harvested and maintained by MP with hypothermic, oxygen-
ated Custodiol- N for 4 hours while myocardial microvascular flow was measured by Laser Doppler Flow (LDF) technology. 
Subsequently, hearts were perfused with blood for 2 hours, and left ventricular contractility was measured after 30 and 
120 minutes. Various novel parameters which represent the LDF shift were computed. We used 2 combined LDF shift param-
eters to identify bivariate prediction models. Using the new prediction models based on LDF shifts, highest r2 for end- systolic 
pressure was 0.77 (P=0.027), for maximal slope of pressure increment was 0.73 (P=0.037), and for maximal slope of pressure 
decrement was 0.75 (P=0.032) after 30 minutes of reperfusion. After 120 minutes of reperfusion, highest r2 for end- systolic 
pressure was 0.81 (P=0.016), for maximal slope of pressure increment was 0.90 (P=0.004), and for maximal slope of pres-
sure decrement was 0.58 (P=0.115). Identical prediction models were identified for maximal slope of pressure increment and 
for maximal slope of pressure decrement at both time points. Lactate remained constant and therefore was unsuitable for 
prediction.

CONCLUSIONS: Contractility of DCD hearts after continuous MP with a cardioplegic preservation solution can be predicted by 
the shift of LDF during MP.
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Organ shortage is a major limiting factor for heart 
transplantation. To increase the number of donor 
hearts, multiple centers worldwide have success-

fully established heart transplantation from donation after 
circulatory- determined death (DCD).1– 4 DCD hearts are 
exposed to warm ischemia.5 Therefore, most clinical pro-
tocols intend to perform a functional evaluation of the DCD 
heart.5 Three retrieval protocols allow functional evalua-
tion: (1) direct procurement of the DCD heart followed by 
normothermic machine perfusion (MP), (2) normothermic 
regional perfusion followed by normothermic MP, and (3) 
normothermic regional perfusion followed by static cold 
storage.5 In direct procurement, the DCD heart is har-
vested, and functional evaluation is performed based on 
visual inspection and metabolic surrogates, like lactate, 
during normothermic MP.6 During normothermic regional 
perfusion, the donor, including the heart, is reperfused by 
central extracorporeal membrane oxygenation, excluding 
cerebral circulation, allowing functional evaluation of the 
heart in situ.7 In the case of normothermic regional perfu-
sion followed by normothermic MP, a second or ongoing 
functional evaluation in the MP system is possible.

The DCD heart is perfused with oxygenated blood 
collected from the organ donor during normothermic MP. 
Despite the remarkable success of normothermic blood 
perfusion in the clinical setting, we have recently shown 
in a porcine model of DCD that MP with hypothermic, 
oxygenated, crystalloid Custodiol- N preservation solution 
is superior to blood perfusion to recondition contractile 
function.8 Based on these preclinical results, a translation 
of crystalloid MP with Custodiol- N into clinical practice 
could be promising. Nevertheless, hypothermic MP with 
a cardioplegic preservation solution facilitates nonbeat-
ing transportation. Consequently, functional evaluation 
during MP would be impossible, inhibiting the option 
for the most common retrieval protocol for DCD hearts, 
which is direct procurement followed by MP.2 Hearts pro-
cured from brain dead donors are commonly preserved 
by static cold storage and then transplanted without 
prior functional evaluation. Thus, not performing func-
tional evaluation of the donor heart after hypothermic MP 
would not be critical in donation after brain death. Unlike 

donation after brain death, functional or metabolic evalu-
ation of the cardiac allograft before transplantation is es-
sential in DCD. Functional assessment of the heart after 
hypothermic MP would require reperfusion with warm 
blood in the perfusion system. After functional evaluation, 
a cardioplegic arrest would have to be induced to de-
mount the heart from the perfusion system. Both proce-
dural steps would create additional ischemia/reperfusion 
periods that could harm the heart. Consequently, blood 
reperfusion after hypothermic crystalloid perfusion does 
not facilitate a realistic option to determine the contractile 
function of the DCD heart at the end of transportation.

Therefore, we developed a prediction model for the 
contractile function of the DCD heart after hypother-
mic, cardioplegic MP. Based on changes of myocar-
dial microcirculation during normothermic MP, the new 
prediction model is based on microvascular flow shifts 
during hypothermic MP.9

METHODS
The data that support the findings of this study are 
available upon reasonable request.

Animals and Anesthesia
The investigations were reviewed and approved 
(35– 9185.81/G- 150/19) by the appropriate institutional 
Ethical Committee for Animal Experimentation. The ani-
mals received humane care.10 We sedated healthy pigs 
(N=8) with 40 to 50 kg of body weight by intramuscu-
lar injection of ketamine (22.5 mg/kg; Bremer Pharma, 
Warburg, Germany) and midazolam (0.375 mg/kg; 
Hameln pharma plus, Hameln, Germany). We maintained 
anesthesia intravenously with pentobarbital- sodium 
(15 mg/kg per hour; Boehringer Ingelheim Vetmedicia, 
Ingelheim, Germany) through the ear vein. The analge-
sic drug Dipidolor (1.125 mg/kg per hour; Piramal Critical 
Care, Voorschoten, Netherlands) was given. We ad-
justed ventilation to maintain partial pressure of oxygen 
of around 200 mm Hg and partial pressure of carbon 
dioxide of 35 to 45 mm Hg. We achieved arterial and ve-
nous vascular access in the femoral artery and vein for 
monitoring arterial blood pressure and blood sampling.

DCD Model and MP
We opened the chest by median sternotomy and ex-
posed the heart by pericardiotomy. We injected heparin 
(LEO Pharma, Neuisenburg, Germany) intravenously to 
achieve systemic anticoagulation. According to a previ-
ously published model, we induced circulatory death 
by the termination of mechanical ventilation.9 Within the 
subsequent period of 30 minutes, blood was collected 
in blood collection bags and the heart was harvested. 
After a total warm ischemic period of 30 minutes, the 
DCD hearts were flushed with 2 L of cold (4°C) traditional 

Nonstandard Abbreviations and Acronyms

DCD donation after circulatory- determined 
death

dp/dtmax maximal slope of pressure 
increment

dp/dtmin maximal slope of pressure 
decrement

LDP laser Doppler perfusion
MP machine perfusion
PCM pressure- contractility- matching
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Custodiol preservation solution (Köhler Chemie GmbH, 
Bensheim, Germany) followed by mounting on the per-
fusion system (Figure 1). Then the hearts were perfused 
for 4 hours through the ascending aorta.

The perfusion system was primed with 2 L of the 
novel crystalloid, cardioplegic Custodiol- N preserva-
tion solution. Characteristics of Custodiol- N are de-
scribed elsewhere.8 The perfusion pressure was set 
at 20 mm Hg. We continuously oxygenated the perfu-
sate solution with an integrated oxygenator. We also 
measured the lactate concentration every 30 minutes 
(RAPID Point 500, Siemens) according to the standard-
ized perfusion monitoring known from blood perfusion.

Reperfusion and Validation of Prediction 
Models
After 4 hours of maintenance perfusion, the DCD hearts 
were reperfused with normothermic blood for 2 hours to 
mimic transplantation. We adjusted a partial pressure 
of oxygen of 180 to 200 mm Hg, partial pressure of car-
bon dioxide of 35 to 45 mm Hg, and pH of 7.35 to 7.45. 
We set the perfusion pressure on 50 to 60 mm Hg. To 
validate the prediction models for contractility, the con-
tractile function was assessed by a left ventricular bal-
loon catheter, inserted through the mitral valve to be filled 
with artificial preload volumes of 5 to 20 mL. We deter-
mined end- systolic pressure, maximal slope of pressure 
increment (dp/dtmax), and maximal slope of pressure 
decrement (dp/dtmin). Contractility was measured 
after 30 and 120 minutes of reperfusion. Additionally, 

pressure- contractility- matching (PCM) was determined 
by keeping the left ventricular filling constant at 10 mL and 
adjusting the perfusion pressure from 20 to 100 mm Hg.

Monitoring of Microvascular Flow
We continuously monitored myocardial microvascular 
flow during 4 hours of MP by laser Doppler perfusion 
(LDP) monitoring using an LDP needle probe (Perimed, 
Järfälla Stockholm, Sweden), inserted into the anterior 
wall of the left ventricle. Various novel parameters Were 
calculated that reflect the shift of microvascular flow dur-
ing hypothermic, cardioplegic MP based on our already 
published equations shown in Table S1.9 In brief, the LDP 
signal needs to be analyzed in periods to incorporate peri-
odic variations no matter the LDP at a particular time point 
or over a time frame is of interest (Figure 2A).11 We either 
expressed LDP as a “singular” measurement (mean over 
20 seconds) periodically every 30 minutes or as an “inter-
val” measurement (mean over 30 minutes). Additionally, 
the same analysis was performed with the area under 
the curve (AUC). We calculated the shift of relative LDP or 
AUC of the first interval (first 30 minutes of MP: 0 to 30 min-
utes), the second interval (30 to 60 minutes of MP), and 
the second last interval (180 to 210 minutes of MP) to the 
last interval (final 30 minutes: 210 to 240 minutes of MP) 
(Figure 2B). We also calculated the shift of relative LDP or 
AUC of the 20- second period at 30, 60, and 210 minutes 
of MP to the last 20 seconds at minute 240. We also cal-
culated the mean shift of every interval (30 minutes) to the 
subsequent one over the whole course of MP.

Figure 1. Donation after circulatory death model and functional analysis.
A, DCD induction by the termination of mechanical ventilation. B, Continuous measurement of 
microvascular flow by laser Doppler perfusion probe during 4 hours of hypothermic, oxygenated 
cardioplegic perfusion with Custodiol- N. C, Contractile assessment. D, Development of 
prediction models. DCD indicates donation after circulatory death; and LDP, laser Doppler 
perfusion. The figure was created with BioRender.
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Workflow of Model Identification
The workflow of model identification is visualized in 
Figure 3 and consisted of the following steps.

Model Development
1. Development of prediction models based on 1 

parameter, which reflects an individual type of 
microvascular flow shift during MP.

2. Development of prediction models based on 2 
combined parameters that reflect different micro-
vascular shifts during MP. With this, we calculated 
all possible combinations of microvascular flow 
shift parameters. The use of 2 combined param-
eters is based on the findings from a previous 
study, which showed that the combination of 
2 parameters could incorporate more predictive 
power.9

Figure 2. Models.
AUC indicates area under the curve; LDF, Laser Doppler Flow; LDP, laser Doppler perfusion; rAUC, 
relatve AUC; and rLDF, relative LDF and shows the mean of the LDF signal over the observed period.

Figure 3. Workflow.
A, Model prediction and model identification. B, Venous lactate concentration. LVV indicates Left 
ventricular volume.
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Model Identification

From all developed models, we identified the best model 
with the highest clinical relevance, based on the following 
criteria:
1. Predictive properties were determined based on 

the highest r2 of the respective model.
2. The prediction of contractile function at an LVV of 

20 mL among all tested filling volumes of the left 
ventricle and PCM at 100 mm Hg among all tested 
perfusion pressures is most important.

3. The model, which can predict most of the contractile 
parameters and shows the best mean prediction 
over the observed reperfusion period, is defined 
as the best prediction model.

Statistical Analysis
Statistical analysis was performed using R and IBM SPSS 
Statistics for Windows (Version 20.0, IBM Corp., NY, 
USA). We used Pearson correlation and linear regression 
analysis to assess the association between contractile 
parameters and single covariates or 2 covariates. An F- 
Test was used to test the significance of models. A value 
of P<0.05 was considered statistically significant.

RESULTS
Prediction Models With 1 Parameter
The lactate concentration remained between 0.82 and 
0.98 mmol/L through 4 hours of cardioplegic perfusion 

Figure 4. Heat map of prediction models with 1 parameter.
The heat map depicts the color- coded r2 (A) or slope (B) of each prediction model shown on the left for each contractile parameter 
shown below at 30 and 120 minutes of reperfusion and for pressure- contractility- matching. N=8. AUC indicates area under the curve; 
dp/dtmax, Maximal pressure increase; dp/dtmin, Maximal pressure decrease; ESP, end- systolic pressure; LDP, laser Doppler perfusion; 
PCM, pressure- contractility- matching; PP, perfusion pressure; and SecLast, second- last.
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and was unsuitable for prediction because it did not 
show relevant variation (Figure  2). Prediction models 
based on 1 parameter showed a predominantly heter-
ogeneous heat map formation (Figure 4) when predict-
ing contractile function after 30 minutes of reperfusion. 
Regarding the prediction at 120 minutes of reperfusion, 
a cluster building is visible for different dp/dtmax and 
dp/dtmin at different LVVs with a significant r2 (Figure 5) 
in the models second last to last singular LDP, first to 
last singular LDP, second last to last singular AUC, and 
second to last singular AUC. Only 2 models with sig-
nificant r2 could be developed for PCM, both for dp/
dtmin at 100 mm Hg of perfusion pressure.

Prediction Models With 2 Parameters
Contrary to prediction models with 1 parameter, pre-
diction models based on 2 combined parameters 
(Figure 6) showed separated multiple cluster building 
with high r2 values at various LVVs at 30, 120 minutes, 
and PCM. According to the algorithm shown above, 
the best models per contractile parameter, consider-
ing clinically relevant criteria like LVV and PP over all 
time points and PCM, are shown in Figure 7. Second 
to last singular LDP shift was part of most 2- variable 
prediction models. First to last singular LDP shift was 
the second most often part of 2- variable prediction 
models. The combination of both was the prediction 

model, which occurred most frequently. Second to last 
singular or interval AUC was the third most often 1 of 2 
variables, which built a prediction model. Considering 
PCM and mean prediction over time, we could predict 
end- systolic pressure best by combining interval- LDP- 
course and interval- AUC- course. For all performance 
parameters, end- systolic pressure, dp/dtmax, and dp/
dtmin, predictability was highly similar at 30 minutes of 
reperfusion. At 120 minutes of reperfusion, the pre-
dictability of dp/dtmax was improved but decreased for 
PCM. For dp/dtmin we detected the opposite.

DISCUSSION
The finding that prediction models based on 2 com-
bined parameters are superior to 1- variable models 
is consistent with the results from our previous study 
on normothermic blood perfusion in a porcine DCD 
model.8 Therefore, this study confirms that in hypother-
mic, cardioplegic MP, 2 combined variables provide 
more predictive information about contractile function 
during reperfusion than 1 parameter.

In contrast to our results from normothermic blood 
perfusion, the 2 most frequently incorporated LDP 
shift parameters are not “interval”- based but of “sin-
gular” measurement character. Presumably, during 

Figure 5. r2 values for prediction models with 1 parameter.
The heat map depicts the actual r2 values (A) or slope (B) of each prediction model shown on the left for each contractile parameter 
shown below at 30 and 120 minutes of reperfusion and for pressure- contractility- matching. Significant (P<0.05) r2 are marked green. 
N=8. AUC indicates area under the curve. dp/dtmax, Maximal pressure increase, dp/dtmin, Maximal pressure decrease; ESP, end- 
systolic pressure; LDP, laser Doppler perfusion; PCM, pressure- contractility- matching; PP, perfusion pressure; and SecLast, second- 
last.
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normothermic blood perfusion, the monitoring of mi-
crovascular circulation relies on higher variation due to 
the donor heart maintenance in a beating state. This 
variation can be balanced by calculating the mean 

over a more extended period, such as 30 minutes, 
in the interval- based expression. On the other hand, 
calculating the mean over long periods can also over-
shadow small but possibly relevant microvascular flow 

Figure 6. Heat map of prediction models based on 2 combined parameters.
The heat map depicts the color- coded r2 of each prediction model shown on the left for each contractile parameter shown below at 30 
and 120 minutes of reperfusion and for pressure- contractility- matching. N=8. AUC indicates area under the curve; dp/dtmax, maximal 
pressure increase; dp/dtmin, maximal pressure decrease; ESP, end- systolic pressure; LDP, laser Doppler perfusion, PCM, pressure- 
contractility- matching; PP, perfusion pressure; and SecLast, second- last.
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characteristics. This disadvantage is excluded by cal-
culating “singular” measurements. Additionally, contin-
uous cardioplegic perfusion creates maintenance in a 
resting state, decreasing perfusion variations.

The model, which predicted most of the contractile 
parameters best, consists of 2 variables, which reflect 
microvascular flow shifts between 30 and 60 minutes, 
so early time points during MP, and the end of the per-
fusion. From this, we conclude that either the initial pe-
riod of MP is crucial for contractile performance during 
reperfusion or the microvascular flow shifts before the 
end of MP are either less relevant or nonexistent.

The predictability of the diastolic parameter dp/dtmin 
seems to decrease with perfusion time. Obviously, this 
finding does not indicate a decreased diastolic perfor-
mance but only a reduced predictability. A possible ex-
planation for this phenomenon could be that diastolic 

performance, particularly relaxation of the contracted 
myocardium, depends more on reperfusion character-
istics than on preservation charateristics.12,13

Both LDP and AUC course parameters incorporate 
not only the microvascular flow shift between only 2 
but of multiple time points or periods. Consequently, 
it is reasonable that the combination of both pro-
vide significant predictive information for contractility. 
Nevertheless, more experiments are needed to verify 
the present results further. We also want to emphasize 
that the developed prediction models might be ad-
justed if more subjects are included. It is also possible 
that 1 distinct model will be identified to predict every 
contractile parameter, including perfusion pressure 
variation.

Microvascular flow shifts occur during hypothermic, 
crystalloid, cardioplegic MP. We suggest 2 potential 

Figure 7. Best prediction models per parameter.
Mean prediction over time was calculated, by calculating the mean of r2 at 30 and 120 minutes of reperfusion at 20 mL left ventricular 
volume. Thus, no error bars or significances could be calculated. N=8. AUC indicates area under the curve; dp/dtmax, maximal pressure 
increase; dp/dtmin, maximal pressure decrease; ESP, end- systolic pressure; LDP, laser Doppler perfusion; LVV, left ventricular volume; 
PCM, pressure- contractility- matching; PP, perfusion pressure; and SecLast, second- last. *P<0.05.
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reasons that might explain why microvascular flow 
shifts predict the contractility and relaxative function 
of DCD hearts: (1) Even under hypothermic conditions, 
the metabolism of the heart is only minimized but not 
eliminated.14 Therefore, a reduced energy demand still 
needs to be met and presumably is met by the ox-
ygen, which is diluted in the crystalloid Custodiol- N 
solution. Consequently, depending on the demands of 
the individual heart, the microvascular flow is adapted 
in an autoregulative manner, even under hypothermic 
conditions. The individual demands, in turn, might 
depend on the individual characteristics of the donor 
before and during the induction of circulatory death. 
(2) Alternatively, a drastically decreased microvascular 
flow during hypothermic MP potentially is based on 
microvascular dysfunction that could remain during 
reperfusion with blood. Microvascular dysfunction, in 
turn, reduces the myocardial supply, leads to a sup-
ply and demand mismatch of cardiomyocytes, and 
increases the risk of diastolic dysfunction attributable 
to diastolic cross- bridge cycling.15,16 This could also ex-
plain the high predictivity of the models for the diastolic 
parameter dp/dtmin. The development of microvascular 
dysfunction could also depend on donor characteris-
tics. Besides monitoring microvascular flow shifts, the 
measurement of metabolites could be of great interest 
in evaluating perfusion quality and myocardial tissue 
status. Martin et al. showed that succinate accumu-
lation during preservation drives ischemia/reperfusion 
injury in donor hearts.14

Monitoring of microvascular flow by LDP technol-
ogy is feasible and uncomplicated to establish. Using 
our developed equations, calculation, and quantifi-
cation of microvascular flow shifts are also possible.9 
Translating these findings into clinical practice is of 
high importance for heart transplantation after DCD. 
First, we could show that perfusion of DCD hearts with 
the novel Custodiol- N solution reconditions contrac-
tile function of DCD hearts in the experimental por-
cine model. This finding is already worth transferring 
into clinical practice.8 Secondly, the major concern of 
cardioplegic preservation of DCD hearts, which is the 
impossibility to evaluate the heart before transplanta-
tion, could be dispelled by monitoring microvascular 
flow shifts during continuous cardioplegic perfusion. 
Besides, even during normothermic blood perfusion, 
the heart is evaluated based on visual inspection and 
lactate clearance. Both criteria allow an evaluation 
with limited objectivity. Thirdly, although hearts trans-
planted from brain death donors are not evaluated at 
the end of transportation in case of the most common 
preservation method, which still is static cold storage, 
prediction of contractile function could also be interest-
ing for heart transplantation after brain death if hearts 
are of higher risk to develop contractile dysfunction. 
Those include predominantly hearts from donors with 

extended criteria, such as hypertrophied hearts, hearts 
from older donors, or hearts with distant procurement 
and extended transportation times.

In summary, we demonstrated that microvascular 
flow shifts occur during hypothermic, crystalloid, car-
dioplegic MP of hearts in a porcine model of DCD. 
Additionally, we could show that these flow shifts can 
predict the contractile function of the heart. This rev-
olutionary finding could be the initial step to translate 
a potentially superior preservation method for DCD 
hearts, which is hypothermic crystalloid MP, into the 
clinical practice.
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Table S1 .Equations. 

LDP was either expressed by a singular measurement at the end of each sequence of 30 min or over 

an interval of 30 min. Index numbers represent the timepoint of perfusion in minutes. a) Applied 

versions show, which sequences were applied according to our study protocol. b) Generalized versions. 

AUC: Area under curve. A-Lac, V-Lac, AV-Lac: Arterial, venous or arterio-venous difference of lactate 

concentration at the end of perfusion. LDP: Laser Doppler Perfusion. rLDP: Relative Laser Doppler 

Perfusion. PE: End of perfusion.   

Formulas to calculate microcirculatory shifts 

SecLast-to-Last 
singular LDP shift 

a) 𝐿𝐷𝑃240

𝐿𝐷𝑃210

b) 𝐿𝐷𝑃𝑃𝐸

𝐿𝐷𝑃𝑃𝐸−30 𝑚𝑖𝑛

First-to-Last 
singular LDP shift 

a) 𝐿𝐷𝑃240

𝐿𝐷𝑃30

b) 𝐿𝐷𝑃𝑃𝐸

𝐿𝐷𝑃30 𝑚𝑖𝑛

Second-to-Last 
singular LDP shift 

a) 𝐿𝐷𝑃240

𝐿𝐷𝑃60

b) 𝐿𝐷𝑃𝑃𝐸

𝐿𝐷𝑃60 𝑚𝑖𝑛

SecLast-to-Last 
interval LDP shift 

a) 𝐿𝐷𝑃210 𝑡𝑜 240

𝐿𝐷𝑃180 𝑡𝑜 210

b) 𝐿𝐷𝑃(𝑃𝐸−30 𝑚𝑖𝑛)𝑡𝑜 𝑃𝐸

𝐿𝐷𝑃(𝑃𝐸−60 𝑚𝑖𝑛)𝑡𝑜 (𝑃𝐸−30 𝑚𝑖𝑛)

First-to-Last 
interval LDP shift 

a) 𝐿𝐷𝑃210 𝑡𝑜 240

𝐿𝐷𝑃0 𝑡𝑜 30

b) 𝐿𝐷𝑃(𝑃𝐸−30 𝑚𝑖𝑛) 𝑡𝑜 𝑃𝐸

𝐿𝐷𝑃0 𝑡𝑜 30 𝑚𝑖𝑛

Second-to-Last 
interval LDP shift 

a) 𝐿𝐷𝑃210 𝑡𝑜 240

𝐿𝐷𝑃30 𝑡𝑜 60

b) 𝐿𝐷𝑃(𝑃𝐸−30 𝑚𝑖𝑛) 𝑡𝑜 𝑃𝐸

𝐿𝐷𝑃30 𝑡𝑜 60 𝑚𝑖𝑛

SecLast-to-Last 
singular AUC shift 

a) 𝐴𝑈𝐶240

𝐴𝑈𝐶210

b) 𝐴𝑈𝐶𝑃𝐸

𝐴𝑈𝐶𝑃𝐸−30 𝑚𝑖𝑛



First-to-Last 
singular AUC shift 

a) 𝐴𝑈𝐶240

𝐴𝑈𝐶30

b) 𝐴𝑈𝐶𝑃𝐸

𝐴𝑈𝐶30 𝑚𝑖𝑛

Second-to-Last 
singular AUC shift 

a) 𝐴𝑈𝐶240

𝐴𝑈𝐶60

b) 𝐴𝑈𝐶𝑃𝐸

𝐴𝑈𝐶60 𝑚𝑖𝑛

SecLast-to-Last 
interval AUC shift 

a) 𝐴𝑈𝐶210 𝑡𝑜 240

𝐴𝑈𝐶180 𝑡𝑜 210

b) 𝐴𝑈𝐶(𝑃𝐸−30 𝑚𝑖𝑛)𝑡𝑜 𝑃𝐸

𝐴𝑈𝐶(𝑃𝐸−60 𝑚𝑖𝑛)𝑡𝑜 (𝑃𝐸−30 𝑚𝑖𝑛)

First-to-Last 
interval AUC shift 

a) 𝐴𝑈𝐶210 𝑡𝑜 240

𝐴𝑈𝐶0 𝑡𝑜 30

b) 𝐴𝑈𝐶(𝑃𝐸−30 𝑚𝑖𝑛) 𝑡𝑜 𝑃𝐸

𝐴𝑈𝐶0 𝑡𝑜 30 𝑚𝑖𝑛

Second-to-Last 
interval AUC shift 

a) 𝐴𝑈𝐶210 𝑡𝑜 240

𝐴𝑈𝐶30 𝑡𝑜 60

b) 𝐴𝑈𝐶(𝑃𝐸−30 𝑚𝑖𝑛) 𝑡𝑜 𝑃𝐸

𝐴𝑈𝐶30 𝑡𝑜 60 𝑚𝑖𝑛

Interval-rLDP 
course 

a) 
(

𝐿𝐷𝑃30 𝑡𝑜 60

𝐿𝐷𝑃0 𝑡𝑜 30

+
𝐿𝐷𝑃60 𝑡𝑜 90

𝐿𝐷𝑃30 𝑡𝑜 60

+
𝐿𝐷𝑃90 𝑡𝑜 120

𝐿𝐷𝑃60 𝑡𝑜 90

+
𝐿𝐷𝑃120 𝑡𝑜 150

𝐿𝐷𝑃90 𝑡𝑜 120

+
𝐿𝐷𝑃150 𝑡𝑜 180

𝐿𝐷𝑃120 𝑡𝑜 150

+
𝐿𝐷𝑃180 𝑡𝑜 210

𝐿𝐷𝑃150 𝑡𝑜 180

+
𝐿𝐷𝑃210 𝑡𝑜 240

𝐿𝐷𝑃180 𝑡𝑜 210

) /7 

b) 

(
𝐿𝐷𝑃30 𝑡𝑜 60 𝑚𝑖𝑛

𝐿𝐷𝑃0 𝑡𝑜 30 𝑚𝑖𝑛
+

𝐿𝐷𝑃60 𝑡𝑜 90 𝑚𝑖𝑛

𝐿𝐷𝑃30 𝑡𝑜 60 𝑚𝑖𝑛
+ ⋯ +

𝐿𝐷𝑃(𝑃𝐸−30 𝑚𝑖𝑛) 𝑡𝑜 𝑃𝐸

𝐿𝐷𝑃(𝑃𝐸−60 𝑚𝑖𝑛) 𝑡𝑜 (𝑃𝐸−30 𝑚𝑖𝑛)
) /

(𝑁𝑠𝑒𝑞𝑢𝑒𝑛𝑐𝑒𝑠 𝑜𝑓 30 𝑚𝑖𝑛  -1) 

Interval-rAUC 
course 

a) 
(

𝐴𝑈𝐶30 𝑡𝑜 60

𝐴𝑈𝐶0 𝑡𝑜 30

+
𝐴𝑈𝐶60 𝑡𝑜 90

𝐴𝑈𝐶30 𝑡𝑜 60

+
𝐴𝑈𝐶90 𝑡𝑜 120

𝐴𝑈𝐶60 𝑡𝑜 90

+
𝐴𝑈𝐶120 𝑡𝑜 150

𝐴𝑈𝐶90 𝑡𝑜 120

+
𝐴𝑈𝐶150 𝑡𝑜 180

𝐴𝑈𝐶120 𝑡𝑜 150

+
𝐴𝑈𝐶180 𝑡𝑜 210

𝐴𝑈𝐶150 𝑡𝑜 180

+
𝐴𝑈𝐶210 𝑡𝑜 240

𝐴𝑈𝐶180 𝑡𝑜 210

) /7 

b) 

(
𝐴𝑈𝐶30 𝑡𝑜 60 𝑚𝑖𝑛

𝐴𝑈𝐶0 𝑡𝑜 30 𝑚𝑖𝑛
+

𝐴𝑈𝐶60 𝑡𝑜 90 𝑚𝑖𝑛

𝐴𝑈𝐶30 𝑡𝑜 60 𝑚𝑖𝑛
+ ⋯ +

𝐴𝑈𝐶(𝑃𝐸−30 𝑚𝑖𝑛) 𝑡𝑜 𝑃𝐸

𝐴𝑈𝐶(𝑃𝐸−60 𝑚𝑖𝑛) 𝑡𝑜 (𝑃𝐸−30 𝑚𝑖𝑛)
) /

(𝑁sequences of 30 min-1) 
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