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As studies have pointed out, severity scores are imperfect at predicting individual clinical

chance of survival. The clinical condition and pathophysiological status of these patients

in  the Intensive Care Unit might differ from or be more complicated than most predic-

tive  models account for. In addition, as the pathophysiological status changes over time,

the likelihood of survival day by day will vary. Actually, it would decrease over time and

a  single prediction value cannot address this truth. Clearly, alternative models and refine-

ments are warranted. In this study, we used discrete-time-event models with the changes

of  clinical variables, including blood cell counts, to predict daily probability of mortality in

individual patients from day 3 to day 28 post Intensive Care Unit admission. Both models

we  built exhibited good discrimination in the training (overall area under ROC curve: 0.80
Discrete time event history analysis

Intensive Care Unit

Advisory system

and 0.79, respectively) and validation cohorts (overall area under ROC curve: 0.78 and 0.76,

respectively) to predict daily ICU mortality. The paper describes the methodology, the devel-

opment process and the content of the models, and discusses the possibility of them to

serve as the foundation of a new bedside advisory or alarm system.

and the Sequential Organ Failure Assessment score [27,31,45].
1.  Introduction

The science of making prognostic estimates for critically ill

patients has evolved rapidly since 1985, when the Acute
Physiology and Chronic Health Evaluation II (APACHE II) was
published [21,48]. Since then, various scoring systems for
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severity of illness or organ failure and their derivatives have
been developed, including the Mortality Probability Model
(MPM) score, the Multiple Organ Dysfunction Score (MODS)
ute of Biomedical Informatics, No. 155, Li-Nong St., Sec. 2, Taipei

.tw, polunchang@gmail.com (P. Chang).

The APACHE and MPM scoring systems are global meas-
ures of illness severity and outcome prediction; however,
the Multiple Organ Dysfunction and Sequential Organ Failure
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ssessment scores were initially designed to describe organ
ysfunction or failure in critically ill patients.

.  Background

s various articles [5,12,22,30,46,49,51] have pointed out,
everity scores are imperfect at predicting individual clinical
hance of survival. Several reasons may explain this deficit
12,33,46,49]. First, the APACHE and MPM  scoring systems, in
articular, are population-based tools, not designed for use in

ndividual patients or for specific intervention. Second, most
cores obtain assessments at a single point, usually upon
dmission to the Intensive Care Unit (ICU) or within 24 h after
dmission, although the MPM  included scores for 48 and 72 h
easurements, respectively [25].
Consequently, many  of these assessments do not take into

ccount an important dimension of ICU care: time [33,46,49].
fter a period of intensive care, some patients will either
ie or be discharged on day 1 or 2 post ICU admission [43].
s the ICU stay was less than 3 days for 15–50% of patients

n these data sets [18,23,25,36,43,49], most patients (50–85%),
fter initial intensive treatment, still struggle with their con-
ition in the ICU after day 3. The clinical condition and
athophysiological status of these patients might differ from
r be more  complicated [25,43] than most predictive mod-
ls account for; consequently, the treatment guidelines which
epend on these models will be less effective [1,7,32]. In addi-
ion, as the pathophysiological status changes over time, the
ikelihood of survival day by day will vary. Actually, it would
ecrease over time [33] and a single prediction value cannot
ddress this truth. Clearly, alternative models and refinements
re warranted [12,46,49].

An alternative model would be based on daily severity score
heck or daily changes in score values, although it would also
ave limitations [43]. An example of such a model is the Riyadh

CU Program system developed by Chang et al. [9,10,24]. Timsit
t al. [43] were also able to predict hospital mortality in ICU
atients hospitalized for more  than 72 h, although their model
ailed to show daily probability of mortality.

Another alternative would be to combine either biomark-
rs or genetic profiling with other measures (i.e., the measures
ncluded in some acute physiology score) to show patho-
hysiological changes over time [46]. Limitations to such a
odel include scientific, economic, and organizational barri-

rs [15,44].

.  Design  considerations

n this study, we  considered that using robust statistical
ethod to build the model used complete blood count and

hange in its variables to predict daily probability of mor-
ality in individual patients from day 3 to day 28 post ICU
dmission.

The process should be simple, objective, easy to collect,

nexpensive, can be daily checked and provides informa-
ion about pathophysiological changes over time and may
erve as the foundation of a new bedside advisory and alarm
ystem.
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To fulfill the purpose, we built two models and then do the
comparison to APACHE II score. The first model was a com-
bined model. It used complete blood count and changes in
its variables and incorporate with APACHE II score to cover
the baseline data of the ICU patients. The second model used
complete blood count and change in its variables alone. It was
developed to address some important issues [12,13,46,49,51].
First, it could be checked daily and had a robust statistical
model. In addition, the burden of data collection and cost were
minimal. The complete blood count is an inexpensive and reli-
able test, often checked daily and easy to collect in the ICU.
Second, the more  subjective the variables (i.e., calculating the
Glasgow Coma Scale in the APACHE II score) in the model, the
more  dependency on the observer. Several studies have shown
that different physicians calculate different APACHE II values
from the same data, particularly in patients receiving sedation
[8,11,17,29,40]. In the second model, all variables are objective;
hence, there is no risk of inter-observer variability. Third, most
severity scores were not developed to be used for decisions
concerning individuals. One alternative refined model would
include daily severity score or daily changes in score values
[9,10,24]. The other alternative would combine one or more
biomarkers or genetic profiling with other measures as men-
tioned above. We  would like to integrate both features when
the model has been developed. Using the absolute complete
blood count value and derived changes in variables would
establish the relative power of alternative methods. In the sec-
ond model, the direct daily complete blood count rather than
the transformed score would be used.

After two models were developed, we carried out the com-
parison. If the performance of the second model is not inferior
to the first one and APACHE II score then we  can use the prob-
ability of mortality calculated by the second model to form
the kernel of the bedside advisory or alarm system. The rea-
son is that the entire second model variables are objective and
the data can be collected and calculated automatically by the
bedside clinical information system.

4.  Description  of  method

4.1.  Setting

This retrospective study was performed at a 42 bed adult
mixed medical–surgical Intensive Care Unit of a 2700 bed
teaching medical center in Taiwan. The Institutional Review
Board of the medical center approved the study protocol and
waived the requirement for written informed consent from
participating subjects or their legal representatives.

4.2.  Study  population

All patients admitted to the ICU from January 2006 to
December 2008 were screened. We consecutively allocated

first 3/4 of the study patients to the training cohort for the
model development and the last 1/4 to the validation cohort.
Patients younger than 18 years, readmission to ICU and those
whose ICU stay was shorter than 3 days were excluded.

dx.doi.org/10.1016/j.cmpb.2013.03.018
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4.3.  Data  collection

Data were retrieved from electronic medical records stored in
a hospital central data warehouse; the following information
was collected: age and sex; APACHE II score calculated in the
first 24 h in the ICU; International Classification of Disease ver-
sion 9 code; ICU admission category (i.e., medical or surgical);
ICU length of stay; ICU mortality; blood transfusion records;
and daily complete blood count (i.e., hemoglobin [HGB], white
blood cell [WBC] and platelet count measured as daily fre-
quency). Day 1 was defined as the interval from ICU admission
to 12:00 AM on the next day; all other days were calendar days
from 12:00 AM to 11:59 PM.

4.4.  Data  retrieval  and  database  quality

We  retrieved data from the data warehouse using Structured
Query Language [16]. The resulting tables were imported into
Access and Excel 2007 software (Microsoft Inc., Redmond, WA),
then both the time-independent and time-dependent vari-
ables were calculated. Data quality was controlled by having
a biostatistician from a non-participating department check a
2% random sample of the study data.

4.5.  Variables  settings

Variables were defined as time-dependent or time-
independent. Time-dependent variables were platelet
transfusion records (red cell transfusion records were not
included [47]) daily HGB, WBC  and platelet count and change
in blood count over 2 or 3 days (expressed as �21, �32 or �31
and the term). Two expressions of change in blood count were
developed. The first is the ratio type, i.e., the mathematical
increase or decline in the ratio of the blood count over a 1-day
or 2-day interval. For instance, with three consecutive daily
platelet counts, P1, P2, and P3, we could calculate two 1-day
interval change ratios, [i.e., (P2 − P1)/P1 and (P3 − P2)/P2] and
present those as the variables �21PLATE and �32PLATE. Sim-
ilarly, we could also calculate the 2-day interval (P3 − P1)/P1
and present that as the variable �31PLATE. The second
type of change in blood count is the variation type, which
refers to the calculation of the “pulse pressure variation”
[19,38]. For example, we  can define var21PLATE by calculating
(P2 − P1)/[(P2 + P1)/2]. Using the same method, we  can define
var32PLATE and var31PLATE. These two expressions of change
in blood count can be applied to WBC, HGB and platelets.

The time-independent variables were all other variables
collected.

All the time-dependent and time-independent variables
were analyzed using statistical models.

4.6.  Statistical  analysis

We  compared categorical and continuous variables between
survivors and non-survivors by using chi square test and
Students t-test, respectively. Since the daily HGB, WBC  and

platelet count fluctuated over time, all of these and related
derived changes in variables were considered time-dependent
covariates in the analysis. However, patients who stayed in the
ICU only 2 days would lack third day data and we would not
 b i o m e d i c i n e 1 1 1 ( 2 0 1 3 ) 280–289

be able to calculate the relative change in variables. Accord-
ingly, patients who stayed in the ICU for less than 3 days were
excluded in the following analysis. Since the time recorded in
this study was discrete, a discrete time event history model
was applied to analyses of risk of ICU mortality when ICU stay
was more  than 3 days [3,42,50]. The model was constructed as
follows. Let Pit be the conditional event probability or hazard
that patient i has an event at time t, given that an event has
not happened yet to that person. A logistic regression used to
model the relationship between Pit and covariates would be:

log
(

Pit

1 − Pit

)
= ˛t + ˇ1xit1 + · · · + ˇkxitk

where t is the discrete time point and ˛t is the baseline hazard
at time t. The details of statistical technique on discrete time
event history model refer to the previous statistical literature
[3,42,50]. Note that, unlike a Cox regression model, the base-
line hazard must be specified in a discrete-time hazard model.
To minimize the impact of outliers, the time t was truncated
at day 28, as previously done [44,53].

To evaluate the net effect of daily complete blood count or
its derived variables, the model was adjusted to include initial
APACHE II score and receipt of platelet transfusion, however,
red cell transfusion records were not included, since previous
study [47] did not support the view that red cell transfu-
sions were associated with mortality. The platelet transfusion
record was also considered a time-dependent variable and
coded as 1 for receiving transfusion and 0 for not. To evalu-
ate effects of collected variables on ICU mortality, odds ratios
(OR) and their 95% confidence interval (CI) were calculated.
All reported p values were two-sided, and p values less than
0.05 were considered statistically significant. The potential co-
linearity of the variables in the final model was checked and r
values less than 0.2 were considered acceptable [2].

To assess the model performance, the goodness-of-fit as
evaluated by the Hosmer–Lemeshow statistic was used with
higher p values (>0.05) indicating better fit. We also use the
area under the curve (AUC) of the receiver-operating charac-
teristic (ROC) curve to check the discrimination ability of the
model to separate survivors and non-survivors. Comparisons
of AUC of ROC were conducted using the method proposed by
DeLong et al. [14]. For the validation phase of the study, val-
ues for predictive variables measured in the validation cohort
were entered into the discrete time event history model using
the corresponding regression coefficients estimated from the
discrete time event history model analysis on the training
cohort. Validation of the prediction model was established by
comparing the area under the receiver operating characteristic
curve of the study models in the training and validation data
sets. Calibration of the validation model was also assessed
using goodness-of-fit as evaluated by the Hosmer–Lemeshow
statistic. All analyses were performed with SAS, version 9.1
(SAS Institute Inc., Cary, NC) and SPSS, version 17 (SPSS Inc.,
Chicago, IL).
5.  Results

From January 2006 to December 2008, of a total of 3135 patients
admitted to this mixed Intensive Care Unit, 2488 met  our

dx.doi.org/10.1016/j.cmpb.2013.03.018
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Table 1 – Patient characteristics.

Variables Training cohort (n = 1624; 75.3%) Validation cohort (n = 534; 24.7%) p-Value

Age (year) 70.5 (17.379) 69.98 (17.866) 0.553
Gender (male/female)

Male 1157 (71.2%) 375 (70.2%) 0.653
ICU admission category (medical/surgical)

Surgical 741 (45.6%) 255 (47.8%) 0.393
APACHE II 22.98 (7.586) 22.33 (7.627) 0.087
ICU length of stay 13.08  (13.330) 11.34 (9.832) 0.001
ICD 9 diagnosis main organ dysfunction at ICU admission

Cardiovascular 80 (4.9%) 35 (6.6%)

0.097

Respiratory 220 (13.5%) 73 (13.7%)
Neurology 18 (1.1%) 5 (0.9%)
Genitourinary 179 (11%) 51 (9.6%)
Digestive system 328 (20.2%) 96 (18%)
Hematology 4 (0.2%) 6(1.1%)
Others (neoplasm, monitoring, etc.) 795 (49%) 268 (50.2%)

ICU, Intensive Care Unit; APACHE II, Acute Physiology and Chronic Evaluation II; ICD-9, International Classification of Disease version 9.

Table 2 – Variables associated with death of training cohort in the ICU by multivariable analysis.

 ̌ SE p OR 95% CI

WBC1 .037 .004 <0.001 1.037 1.029–1.046
PLT −.097 .010 <0.001 .907 .889–.926
HGB −.186 .041 <0.001 .830 .766–.899
APACHE2 .063 .009 <0.001 1.066 1.047–1.084
var32WBC .317 .155 .040 1.373 1.014–1.859
var21PLATE −.391 .128 .002 .677 .527–.869
var32PLATE −.339 .122 .006 .712 .560–.905
Multivariable analysis without APACHE II

WBC1 .035 .004 <0.001 1.036 1.028–1.045
PLT −.087 .009 <0.001 .917 .900–.933
HGB −.159 .038 <0.001 .853 .793–.918
var32WBC .396 .150 .008 1.486 1.107–1.995
var21PLATE −.494 .125 <0.001 .610 .477–.780
var32PLATE −.386 .121 .001 .680 .537–.861

ICU, Intensive Care Unit; ˇ, estimated regression coefficient; SE, standard error of ˇ; OR, odds ratio, which is equal to eˇ; CI, confidence interval;
APACHE II, Acute Physiology and Chronic Evaluation II; WBC, white blood cell count divided by 1000; PLT, platelet count divided by 10,000; HGB,
hemoglobin; var21PLATE, var32PLATE and var31PLATE: expressions of change in blood count over 2 or 3 days applied to platelets (variation type
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are expressed as var21, var32 or var31 and the term).

nclusion criteria. Of these, 2158 patients with no missing data
nd with a total 27,211 patient-days formed the database for
his study. Among these 2158 patients, 1624 patients with
0,409 patient-days data were consecutively enrolled from
anuary 2006 to December 2007 for the training cohort of the
rognostic model and 534 patients with 6802 patient-days data
ere consecutively enrolled from December 2007 to December

008 to form the model’s validation cohort. Patient demo-
raphics for the training and validation cohort are presented
n Table 1. The groups were mostly similar, but patients in the
alidation cohort had shorter ICU stay.

=
1 + exp[−(˛(t) − 0.063APACHE II−0.037(WBC/1000) + 0.097(PLATE/10
To reduce the complexity of the model and take into
ccount the risk of co-linearity, the variables associated with
CU death at p value less than 0.001 instead of 0.05 by the
univariate analysis were selected and introduced in the mul-
tivariate model to improve model deviance [6,37]. The results
are presented in Table 2.

The effects of APACHE II score, daily HGB, WBC  and
platelet count on ICU mortality remained significant in the
multivariate analysis. When derived changes in variables
were checked, only var32WBC, var21PLATE and var32PLATE
remained significantly associated with ICU mortality. The
final first combined model of mortality probability prediction
by complete blood count variability (BCV) with APACHE II
score is presented below:

+0.186HGB − 0.317var32WBC + 0.391var21PLATE + 0.339var32PLATE)]
,

where “P” is the probability of ICU mortality on day (t) and ˛(t)
represents the baseline hazard on day (t), which is specified
in Table 3. Another competitive model without the APACHE II

dx.doi.org/10.1016/j.cmpb.2013.03.018
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Table 3 – Baseline hazard estimates from day 3 to day 28
for the training cohort.

 ̌ SE p

Day(3) .157 .611 .797
Day(4) −.141 .621 .821
Day(5) −.066 .624 .916
Day(6) −.180 .635 .777
Day(7) .055 .630 .930
Day(8) .279 .627 .657
Day(9) .007 .642 .991
Day(10) .556 .627 .376
Day(11) .194 .648 .765
Day(12) .295 .649 .649
Day(13) .726 .634 .252
Day(14) −.104 .690 .880
Day(15) .330 .666 .620
Day(16) .012 .703 .986
Day(17) .341 .680 .617
Day(18) −.226 .744 .761
Day(19) −.310 .776 .690
Day(20) −.288 .777 .711
Day(21) −.235 .778 .763
Day(22) .062 .745 .934
Day(23) .306 .722 .672
Day(24) −.275 .830 .741
Day(25) .513 .722 .478
Day(26) −.535 .926 .563
Day(27) −.007 .831 .993
Day(28)a −3.311 .457 .000

ˇ, estimated regression coefficient; SE, standard error of ˇ.
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Fig. 1 – Likelihood of mortality by days post ICU admission
(DPA). Length of stay of all patients was more  than 3 days.
The x-axis of figure begins from DPA 3, as patients who
a Day(28) is set as the reference group for the rest of ICU days.

score, the pure BCV model, was modified from the previous
model as follows:

P = 1
1 + exp[−(˛′(t) − 0.035(WBC/1000) + 0.087(PLATE/10, 000) + 0.159HG

In terms of calibration and discrimination, we first val-
idated the BCV with APACHE II model to predict the
ICU mortality. The final model exhibited good calibration
(Hosmer–Lemeshow chi-square, 6.163; p = 0.629) and good dis-
crimination (AUC-ROC curve, 0.804, 95% confidence interval
[CI] [0.780, 0.828]). For comparison, the pure BCV model also
showed good calibration (Hosmer–Lemeshow [HL] chi-square,
8.713; p = 0.367) but less significant discrimination (AUC-ROC
curve, 0.787, 95% CI [0.761, 0.813]). Fig. 2A shows the ROC
curves of the BCV incorporated with the APACHE II model and
the pure BCV model compared to the APACHE II score, in which
the AUC was 0.682 (95% CI [0.65, 0.714]) in our training cohort.

For internal validation, we used values of predictive vari-
ables measured in patients from the validation cohort. The
same two models and the APACHE II score had AUC-ROC
curves showed in Fig. 2B. Performance was slightly lower
in the validation cohort but still exhibited good calibra-
tion and discrimination in the BCV with APACHE II score
model (Hosmer–Lemeshow chi-square, 5.391; p = 0.715, AUC-
ROC curve, 0.778, 95% CI [0.729, 0.826]) and the pure BCV
model (Hosmer–Lemeshow chi-square, 11.133; p = 0.194, AUC-

ROC curve, 0.758, 95% CI [0.706, 0.811]). The AUC of APACHE II
score was still low in validation cohort (AUC-ROC curve, 0.671,
95% CI [0.618, 0.723]).
.396var32WBC + 0.494var21PLATE + 0.386var32PLATE)]

died on DPA 1 and DPA 2 were  excluded.

Moreover, we grouped the 20,409 patient-days in the train-
ing cohort by their days post ICU admission (DPA) from the
third to the 28th day (DPA 3 to DPA 28; note that we  use DPA
instead of length of stay). Data for DPA after day 28 were trun-
cated. The AUC ROC (for mortality prediction) of two  models
(the BCV with APACHE II, the BCV alone) and the APACHE II
score were computed by DPA and the results compared (Fig. 3).
The APACHE II score had significantly lower AUC value from

DPA 3 to DPA 28 and the lowest one was on DPA 19 (0.531, 95%
CI [0.320, 0.741]).

From August 2009, our ICU built up the bedside clinical
information system using the software contains HL7 messag-
ing information for the Philips® Intellivue Clinical Information
Portfolio (hereinafter called the ICIP system, or ICIP). ICIP was
designed using standard Microsoft® tools. This product was
formerly known as CareVue Chart. We incorporated the model
formula as mentioned above into ICIP and combined the CBC
data-triggered calculation rules by using configuration tool of
ICIP. The pilot advisory or alarm system (we named it as Criti-
cal Stage Index, or CSI) was developed and the bedside monitor
snap shot showed as Fig. 4.

6.  Lessons  learned

Of all patients admitted to the ICU during the whole study
period, 20.6% (647/3135) were discharged from the ICU or died
on DPA 1 and DPA 2. This means that as many  as 80% of
patients remained in the ICU three or more  days, an amount

compatible with previous ICU studies [18,23,25,36,43,49]. For
this group, the likelihood of mortality varied and kept increas-
ing from 21.6% to 31.9% over time (Fig. 1), a finding similar to

dx.doi.org/10.1016/j.cmpb.2013.03.018
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Fig. 2 – ROC curves of BCV with APACHE II model and pure BCV model compared to APACHE II severity score in the training
and validation cohort. (A) AUC-ROC in the training cohort are 0.804 (95% CI [0.780, 0.828]), 0.787 (95% CI [0.761, 0.813]) and
0.682 (95% CI [0.65, 0.714]), respectively. (B) AUC-ROC in the validation cohort are 0.778 (95% CI [0.729, 0.826]), 0.758 (95% CI
[0.706, 0.811]) and 0.671 (95% CI [0.618, 0.723]), respectively. APACHE II, Acute Physiology and Chronic Evaluation II; BCV,
complete blood count variability; AUC-ROC, area under the curve
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Fig. 3 – AUC ROC (for mortality prediction) of two models
(BCV with APACHE II, BCV alone) and APACHE II according
to the day post admission (DPA) to the Intensive Care Unit.
This figure demonstrate that, after DPA 3 (we grouped
patient-days data by DPA and computed the value of each
AUC ROC), the predictive accuracy of the APACHE II score
model tended to decline until DPA 21; the lowest AUC-ROC
was 0.531 ± 0.108 on DPA 19 (dark gray arrow). The larger
variation and elevation after DPA 23 (short dash line) could
be explained by the decreasing number of deaths as DPA
increased APACHE II, Acute Physiology and Chronic
Evaluation II; BCV, complete Blood Count Variability;
AUC-ROC, Area Under the Curve of the Receiver-Operating
Characteristic (ROC) curve. Note that x-axis begins from
DPA 3, since the length of stay for all patients was more
than 3 days, DPA 1 and DPA 2 had no mortality data.
 of the receiver-operating characteristic (ROC) curve.

that presented recently by Meadow et al. [33]. This observa-
tion suggests that using a one-time prediction, such as the
APACHE II score, to estimate patient mortality over an entire
stay in the ICU is not appropriate; a measure which takes
into account daily changes in condition would likely better
predict a patient’s daily likelihood of mortality. However, we
believe it is still appropriate to include the APACHE II score on
the day of ICU admission in our first model for the following
reasons. First, the variables in APACHE II score and the time-
dependent variables in the BCV model were not recorded at
the same time, meaning the HGB and WBC  counts computed
were different values. Second, the APACHE II score can be con-
sidered the baseline condition when the patient was admitted
to the ICU and omitting it might decrease the information in
the final model. Third, despite the statistical method used,
no significant co-linearity was seen between variables in our
model which incorporated the APACHE II score (all r values
<0.2).

However, in Fig. 3, we demonstrate that, after DPA 3, the
predictive accuracy of the APACHE II score tended to decline
until DPA 21; the lowest AUC-ROC was 0.531 ± 0.108 on DPA
19 (Fig. 3, dark gray arrow). The larger variation and eleva-
tion after DPA 23 (Fig. 3, short dash line) could be explained
by the decreasing number of deaths as DPA increased. On
DPA 26, only two cases died and the small sample size likely
increased the statistical variation. Since the APACHE II score
was developed using a population-based model and developed
to integrate both chronic and acute conditions within 24 h of
admission, this decline illustrates the fact that the longer a
patient stays in ICU, the less predictive accuracy the APACHE
II score has.
As indicated in Fig. 3, we showed the ability of our two  mod-
els to fit the daily prediction. Using a sound statistical method
(i.e., discrete time event history model instead of common

dx.doi.org/10.1016/j.cmpb.2013.03.018


286  c o m p u t e r m e t h o d s a n d p r o g r a m s i n b i o m e d i c i n e 1 1 1 ( 2 0 1 3 ) 280–289

Fig. 4 – Bedside monitor snap shot showed the pilot advisory or alarm system (we named it as Critical Stage Index, or CSI,
see the blue area in the middle of the figure, part of Chinese labels were translated to English ones).
logit or COX model), we used the value of  ̌ on specific DPA
(Table 3) and other time-dependent variables to develop our
BCV with APACHE II model and the pure BCV model. These
two models allowed for daily prediction of mortality probabil-
ity and we  checked these predictions from DPA 3 to DPA 28. The
BCV with APACHE II model and the pure BCV model had higher
AUC-ROC values than APACHE II alone and showed good dis-
crimination ability to separate survivors and non-survivors
(Figs. 2 and 3).

The pure BCV model is not inferior to BCV with APACHE
II model and can fulfill the purpose of our design. Neverthe-
less, we  did not compare our models to models other than the
APACHE II, such as the APACHE III/IV, Sequential Organ Failure
Assessment, MPM  II/III, SAPS II/III or their derivatives. For this
cohort, we  had only the APACHE II score for disease severity
prediction. However, these other scores would face the same
issues we  tried to address. Since our models focuses on DPA 3
to DPA 28 mortality prediction, we suggest using the APACHE
II or MPM  II/III model [25,26,44] to predict DPA 1 and DPA 2
mortality if early mortality is the concern.

For the underlining mechanism which the proposed
measurement increased the accuracy of the prediction, we
can explain it from two perspectives. From the statistic point
of view, the BCV model with miscellaneous time-dependent
covariates are generated from arithmetical manipulation
of CBC measures and then the discrete-time event history
analysis was applied to select factors which made significant

contributions to the accuracy of daily mortality prediction
with or without the combination of APACHEII score for crit-
ically ill patients. With the aid of dynamic (time-dependent)
information (in the BCV model which means ˛′(t), var32WBC,
var21PLATE, and var32PLATE data), the accuracy of the
prediction will increase. From the clinical point of view, the
BCV model uses the platelet data which is not included in the
APACHEII score and it was proved both a low nadir platelet
count and a large fall in platelet count imply a poor outcome in
adult ICU patients [20,35,41]. After the model selection using
the discrete-time event history analysis, the platelet count
and its derived time-dependent variables in combination did
improve the predictive power of the selected model.

In conclusion, our two models use complete blood count
and change in its variables to predict daily probability of mor-
tality in individual patients from DPA 3 to 28. The process is
simple, objective, easy to collect, inexpensive, can be daily
checked and provides information about pathophysiological
changes over time. The pure BCV model which is no depend-
ency on the observer may serve as the foundation of a new
bedside advisory or alarm system, since daily mortality prob-
ability could be collected and calculated automatically using
a hospital’s existing clinical information system. In the recent
study [28], Lenvin et al. used the same concept and collected
the naturally generated provided orders to develop the sys-
tem for real-time length of stay prediction and patient flow
management. However, its benefit to decision making and
the subsequent improvement in mortality rate should be con-
firmed in a prospective study.
7.  Future  plans

Our study has several future plans. First, we  will conduct a
multi-center prospective study and do the external validation.

dx.doi.org/10.1016/j.cmpb.2013.03.018


i n b i

T
w
i
h
2
y
l
fi
u
n
t
o
i
m
w
m
p
r
c
c
i
c
i
i
U
i

W
H
P

C

R

c o m p u t e r m e t h o d s a n d p r o g r a m s 

he original study was a retrospective design and the data
ere collected in a single medical center. Since the study unit

s a 2700 bed teaching medical center and many  of the patients
ad been transferred from different regional hospitals, the
158 patients and 27,211 patient-days data collected over a 2
ear period were enough to develop the model. Nevertheless,
ike other similar models [4,24,28], the results should be con-
rmed in a prospective study and such models should only be
sed by those familiar with their limitations. Although inter-
al validation showed significant results, we did not evaluate

he performance of models in a different patient population
r institution, that is, did not do the external validation. This

s one of the limitations for our study. Our measures of perfor-
ance may therefore over estimate actual predictive ability
hen new patients, who  were not included in the develop-
ental data set, are considered. Consequently, whenever the

rediction accuracy deteriorates, the BCV model should be
evised and updated [34,52]. Second, we  would evaluate the
ost-effectiveness of the pilot system. Due to the complexity of
alculating the discrete time event history model, this model
s ideally suited to a computerized environment. Although
omputerized clinical decision support systems have become
ncreasingly more  common [39], the cost of setting up our clin-

cal information system is more  than one million and a half
S dollars; we  should carefully evaluate the cost-effectiveness

n the near future.

DPA 1 

BC  (/�l) 6800 

emoglobin (g/dl) 7.6 

latelets (/mm3) 126,000 

var32WBC var21PLA

alculation (15,400 − 8700)/
((15,400 + 8700)/2)

(85,000 − 126
((85,000 + 12

esults 0.556 −0.389 
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Appendix.

For better understanding, we provided a clinical example for
demonstrating how to use the model to predict the daily mor-
tality rate of the patient.

A 65-year-old man  is admitted to the ICU because of multi-
ple traumas caused by a traffic accident. The table below listed
the CBC data after he admitted to ICU for 3 days:

DPA 2 DPA 3

8700 15,400
9.2 9.8
85,000 57,000

And his derived parameters on DPA3 were calculated as
follow:

TE var32PLATE ˛′(t)
,000)/
6,000)/2)

(57,000 − 85,000)/
((57,000 + 85,000)/2)

1.905–0.157

−0.394 1.748
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Our pure BCV model was listed as below:

P = 1

1 + exp[−(˛′(t) − 0.035(WBC/1000) + 0.087(PLATE/10, 000)
+0.159HGB − 0.396var32WBC + 0.494var21PLATE
+0.386var32PLATE)]

In this equation, “P” is the probability of ICU mortality on
day (t) and ˛′(t) represents the baseline hazard on day (t),
which is specified in Table 3. In this case, ˛′(t) is equal to
1.748(1.905 − 0.157).

The probability of ICU mortality on the post admission day
3 would be:

P = 1

1 + exp[−(1.748 − 0.035(15, 400/1000) + 0.087(57, 000/10,  000)
+0.159(9.8) − 0.396(0.556) + 0.494(−0.389) + 0.386(−0.394))]

= 0.063

On the day 3 post ICU admission, the mortality probability
of this patient would be 6.3%.
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