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Abstract The ‘‘clinically required ventilation period’’ for

assessing ventilator-associated pneumonia (VAP) has not

been studied because this period could not be clinically

predicted. We addressed this problem using both rate

analysis and failure-time analysis. A total of 325 patients

who had received mechanical ventilatory support in the

intensive care unit of a university hospital were reviewed.

The total ventilation period and the ventilation period

before VAP were compared using logistic regression and

the Cox proportional hazard model for univariate and

multivariate analyses. The Frechet distribution model was

also used. Fifty patients were excluded for having pneu-

monia before intubation or for being admitted to a

department in which no VAP occurred; 12 patients had

VAP. Discrepancies in both methods caused by time-

dependent bias were observed in patients emergently

admitted (odds ratio, 1.435; hazard ratio, 0.3928). This

reduced hazard ratio remained with the multivariate Fre-

chet distribution model. Longer operation time signifi-

cantly increased the VAP rate in the logistic model only.

Low body mass index increased the rate of VAP in both

models, especially in female patients (hazard ratio, 0.1707;

95% confidence interval, 0.02105–0.6728). The results of

rate analysis and failure-time analysis were similar for

most factors but differed somewhat for several factors,

such as emergency admission. Unknown factors might be

obscured by this type of difference, and this two-way

method might be able to reveal artificial effects.

Keywords Artificial effects � Bias � Cox proportional

hazard model � Logistic regression � Ventilator-associated

pneumonia

Introduction

Factors affecting the development of ventilator-associated

pneumonia (VAP) [1–10] have been assessed with

several methods, including multivariate analysis. Most

studies used logistic regression [2–7], but several have

used failure-time analysis to compare the interval from

the start of mechanical ventilatory support to the onset of

VAP [2, 8–10]. Because the duration of ventilatory

support affects the VAP rate [11], this ventilation period

should be examined when the VAP rate is analyzed.

Logistic regression can be used to examine only those

variables that are independent of the effect. However, the

total ventilation period is always affected by the presence

of VAP, although VAP itself is also affected by the

ventilation period (before the onset of VAP). Therefore,

the ‘‘clinically required ventilation period,’’ excluding the

effect of VAP, should be used instead of the total ven-

tilation period. This clinically required ventilation period

is the imaginary ventilation period during which a patient

would have required ventilatory support if they had not

had VAP; this period might be longer than the ventilation

period before the onset of VAP. However, this clinically

required ventilation period has not been predictable, and

therefore studies using logistic regression have been

biased.

Comparison of the time before the onset of VAP, called

failure-time analysis in the present study, is another

approach for assessing factors that affect VAP. Although

this method solves the problem of the clinically required
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ventilation period, it is rarely used [2, 8–10], possibly

because of difficulties in assessment, especially in multi-

variate analysis. Many multivariate methods can use only

parametric models, and even the Cox proportional hazard

model is an approximate model for nonparametric data. In

addition, right-censored (suspended) data complicate both

assessment and calculation.

We attempted to resolve these problems by using rate

analysis and failure-time analysis and comparing the

results.

Patients and methods

Study location and patients

The data were retrospectively collected from April 2009

through May 2010 in intensive care units (ICUs) of uni-

versity hospitals in Tokyo, Japan. The criterion for patient

inclusion was having received mechanical ventilatory

support in an ICU. Exclusion criteria were absence of

tracheal intubation, tracheal intubation after onset of

pneumonia, and patients belonging to departments in which

no VAP occurred. Because VAP is usually defined as

pneumonia developing more than 48 h after the start of

mechanical ventilation [12, 13], pneumonia developing

48 h or less after the start of mechanical ventilation was

distinguished from VAP (with no episode).

Data collection

Chest X-ray films were routinely obtained for each patient

receiving mechanical ventilatory support and were exam-

ined by two board-certified members of the Japanese

Respiratory Society who made diagnoses after consulting

one another. All enrolled patients were examined as to

whether they belonged to the categories defined later. Data

were collected retrospectively before and after discharge

from the ICU. The latest clinical examination findings and

latest laboratory data, obtained from routine blood analysis,

were collected before intubation. Because intubation was

usually (94.9%) necessitated by surgical procedures, most

data were collected before surgery.

Definitions

The criteria for diagnosing VAP were standardized [12, 13]

and included (1) chest X-ray film indicative of pneumonia;

(2) body temperature greater than 38�C, leukocyte count

greater than 10,000/mm3 or less than 4,000/mm3, or an

increase in the C-reactive protein level; (3) low oxyhe-

moglobin saturation or an increase in oxygen need; and (4)

increased production of sputum containing possibly

pathogenic microorganisms. Therefore, the rates of venti-

lator-associated tracheobronchitis [14] with congestive

heart failure, acute respiratory distress syndrome, and

interstitial pneumonia might have been overestimated.

Microbiological specimens were always obtained before

the administration of new antibiotics, as soon as possible

after clinical or radiologic abnormalities were found. Only

the first episode of VAP was analyzed.

Statistical analysis

The software program JMP 8.0.2 (SAS Institute, Cary, NC,

USA) was used for analyses. In both univariate and mul-

tivariate analyses, logistic regression was used to estimate

the VAP rate (rate analysis), and the Cox proportional

hazard model was used to estimate ventilation time before

VAP (failure-time analysis). Logistic regression of single

discrete variables was equivalent to the likelihood ratio test

of the chi-square test. Because JMP 8.0.2 could not be used

to analyze time-dependent covariables [15], a time-inde-

pendent hazard model was used. Odds ratios from logistic

regression and hazard ratios from the Cox proportional

hazard model were compared and checked for differing

tendencies. Because we failed to determine the clinically

required ventilation period, for multivariate rate analysis

we instead used the total ventilation period and the venti-

lation period before VAP. We compared these two period

models and assumed that coincident factors in them might

be the same as the true factors that would be calculated

using the clinically required ventilation period if that per-

iod were detectable.

For failure-time analysis, a parametric model was also

used. After comparing Frechet, Weibull, log-normal, log-

logistic, exponential, and other distributions, we performed

parametric multivariate analysis using the most suitable

Frechet distribution. Because of the small sample size, we

failed to assess interactions of all factors, but we did assess

interactions after significant factors remained. Interaction

effects were represented as nested effects. For assessing

differences between the total ventilation period and the

ventilation period before VAP, the one-tailed Wilcoxon

signed-rank test was performed.

Results

Data were collected for all 325 patients who had received

ventilatory support. Eleven patients who had pneumonia or

interstitial pneumonia were excluded, and 39 patients who

had been admitted by ten departments that had no episodes

of VAP were excluded. Consequently 275 patients,

including 12 patients with VAP, were included in this

study. Fourteen patients who did not undergo surgery were
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also included. No patients had pneumonia within 48 h of

the start of ventilatory support.

Characteristics of patients and results of univariate

analyses are summarized in Table 1. Operation times are

not given for the 14 patients who did not undergo surgery.

In patients with VAP, the total ventilation period was

significantly longer than the ventilation period before VAP

(P = 0.0002 by one-tailed Wilcoxon signed-rank test). On

univariate rate analysis, statistically significant values were

seen for the Glasgow Coma Scale, the APACHE II score,

operation time, total ventilation time, and nonfeeding days.

However, univariate failure-time analyses revealed no

statistically significant values. Most odds ratios and hazard

ratios were similar, but some were opposite. For example,

in the emergency category the odds ratio for emergency

admissions (1.435) indicated an increased rate of VAP. In

Table 1 Examined factors and univariate analysis for ventilator-associated pneumonia (VAP) rate and VAP failure time

Factors VAP

(n = 12)

Non-VAP

(n = 263)

Rate analysis Failure-time analysis

Odds ratio P value Hazard ratio P value

Demographics

Age (years) 72.5 (61.3–75.5) 67 (60–75) 1.006 0.8104 1.000 0.9898

Male 10 (83.3%) 162 (62.0%) 3.117 0.1068 3.566 0.0665

Smokers 4 (33.3%) 97 (37.2%) [2] 0.8454 0.7866 0.7512 0.6393

Height (cm) 160 (155–162.8) 160 (152.5–165.5) [1] 1.007 0.8214 0.9968 0.9251

Body mass index (kg/m2) 21.1 (19.5–24.5) 25.0 (19.9–25.0) [1] 0.9091 0.2385 0.8728 0.0835

Comorbidities

Malignant tumor 2 (16.7%) 23 (8.8%) [1] 2.078 0.3977 2.100 0.3795

Chronic lung disease 0 (0.0%) 5 (1.9%) [1] 0.0008 0.5015 1.000 1.0000

Cerebrovascular disease 4 (33.3%) 63 (24.1%) [1] 1.579 0.4790 0.9531 0.9374

Diabetes mellitus 2 (16.7%) 57 (21.8%) [1] 0.7193 0.6659 0.8863 0.8750

Department

Cardiovascular surgery 9 (75.0%) 175 (66.5%) 1.440 0.8222 1.760 0.1706

Neurosurgery 2 (16.7%) 60 (22.8%) 0.9334 0.4733

Gastroenterological surgery 1 (8.3%) 28 (10.6%) Control Control

Clinical data

Glasgow Coma Scale 2.5 (0–11.75) 0 (0–1) [1] 1.139 0.0364 0.9896 0.8634

APACHE II score 16.5 (10.25–22.25) 11 (8–16) [1] 1.079 0.0453 0.9862 0.7250

Operation time (h) 8 (5–10.5) [1] 5 (4–6.6) [13] 1.346 0.0026 1.147 0.1183

Emergency 6 (50.0%) 108 (41.1%) 1.435 0.5418 0.3298 0.0635

Laboratory data

T-Bil (mg/dl) 0.65 (0.4–0.9) 0.7 (0.5–0.9) 1.415 0.6086 1.432 0.5361

Alb (mg/dl) 3.7 (3.5–4.25) 3.8 (3.4–4.2) [4] 0.9609 0.9255 1.147 0.7044

PT (%) 94 (72–100) 91 (80–100) [3] 0.9904 0.5216 0.9899 0.5047

BUN (mg/dl) 18.4 (12.2–19.7) 16.4 (12.3–25.4) 0.9724 0.2830 0.9662 0.2526

eGFR (ml/min) 56.65 (38.4–74.0) 64.87 (47.1–81.1) 0.9950 0.5428 0.9947 0.5489

CRP (mg/dl) 0.205 (0.16–2.47) 0.2 (0.05–1.4) 1.001 0.9839 0.9644 0.5202

Following problems

Total ventilation (days) 21.5 (14.25–33.5) 2 (2–6) 1.181 \0.0001

Ventilation before VAP (days) 9.5 (4.75–10.75) 2a (2–6)a 1.070 0.0579

Nonfeeding days 7 (4.25–11.5) 3 (2–6) [17] 1.151 0.0075 0.9912 0.8738

Vomiting 1 (8.33%) 28 (10.7%) [1] 0.7598 0.7889 0.6637 0.6797

Data are presented as number (%) or median (interquartile range) [missing value]

VAP, ventilator-associated pneumonia; APACHE II, second version of the Acute Physiologic Assessment and Chronic Health Evaluation; T-Bil,

total bilirubin; Alb, albumin; PT, prothrombin time; BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate; CRP, C-reactive

protein
a ‘‘Ventilation before VAP:’’ in non-VAP group, use total ventilation period
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contrast, in the emergency category the hazard ratio for

emergency admissions (0.3298) indicated the development

of VAP was delayed.

Results of multivariate rate analyses are summarized in

Tables 2 and 3. With both methods, operation time and

body mass index (BMI) had statistically significant effects,

indicating that these factors might be significant in a model

using the ‘‘clinically required ventilation period.’’ The total

ventilation (period) in Table 3 did include the VAP effect;

therefore, this factor should not be interpreted in this

model. In addition, the ventilation period before VAP was

not significant in Table 2, indicating that we cannot con-

clude the clinically required ventilation period had an

effect in this model.

Results of multivariate failure-time analysis are sum-

marized in Tables 4 and 5. With both the Frechet distri-

bution model and the Cox proportional hazard model, sex

and female BMI had statistically significant effects. How-

ever, emergency was only significant in Table 5, indicating

that the Frechet distribution model might be more suitable

than the Cox proportional hazard model.

Discussion

We have used two-way analysis—rate analysis and failure-

time analysis—for predicting VAP. To our knowledge only

one similar method has been reported previously [2],

although the characteristics of the method, interpretation of

the method, or how to handle the clinically required

ventilation period were not described Therefore, we discuss

these problems next.

In rate analysis, we missed the interaction of BMI and

sex, because it was not statistically significant. However,

because failure-time analysis showed these factors to be

significant, we reexamined this interaction and found the

nested effect had the same tendency. Therefore, this two-

way method might reduce this type of error.

The discrepancy in the ‘‘emergency’’ effect on univari-

ate analysis was caused by a time-dependent bias. Emer-

gency admission to the ICU prolonged the time before

VAP developed but also prolonged the ventilation time.

Multivariate rate analysis showed that patients emergently

admitted to the ICU tended to have a lower VAP rate when

the ventilation duration was adjusted for, but the difference

was not statistically significant and was, therefore, ignored.

However, multivariate failure-time analysis revealed that

the ‘‘emergency’’ effect significantly prolonged the time

before VAP. In contrast, multivariate failure-time analysis

did not identify the effect of ‘‘operation time,’’ although

multivariate rate analysis showed it to be statistically sig-

nificant. These differing results had the same tendency but

might agree if there were a large amount of data. The two-

way analyses described in this study might fail less fre-

quently to identify these phenomena.

These two methods are not rigorous. Rate analysis failed

to identify the clinically required ventilation period as a

significant factor affecting the rate of VAP. Failure-time

analysis is not rigorous because it is only an approximate

method [16]. Therefore, these methods are not rigorous

themselves, but the use of both methods together might

improve reliability. In addition, by comparing these

methods, we can choose the more suitable one, if only a

single method is to be used.

Discrepant factors in this two-way method suggest the

existence of hidden factors that could not be identified. For

Table 2 Multivariate rate analysis for before VAP

Factors Odds ratio 95% confidence interval P value

Operation time 1.406 1.151–1.751 0.0010

Body mass index 0.8316 0.6756–0.9998 0.0497

Table 3 Multivariate rate analysis for before and after VAP

Factors Odds ratio 95% confidence interval P value

Operation time 1.388 1.098–1.803 0.0063

Body mass index 0.7834 0.5857–0.9923 0.0424

Total ventilation 1.188 1.109–1.303 \0.0001

Table 4 Multivariate failure-

time analysis from the Cox

proportional hazard model

Factors Hazard ratio 95% confidence interval P value

Male 17,840 7.602–1.417 9 1010 0.0009

Body mass index (male) 0.8897 0.2888–1.062 0.0023

Body mass index (female) 0.1573 0.01953–0.6320

Emergency 0.3160 0.08338–1.100 0.0698

Table 5 Multivariate failure-time analysis from the parametric

model of the Frechet distribution

Factors Effect P value

Male Shorten 0.0010

Body mass index (male) Not significant 0.0002

Body mass index (female) Prolong

Emergency Prolong 0.0133
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example, emergently admitted patients had a longer ven-

tilation period (median, 6 days; interquartile range,

3–15 days) than did other patients (median, 2 days; inter-

quartile range, 1–3 days). Because of the longer ventilation

period, emergently admitted patients tended to have a

higher rate of VAP. To avoid VAP in emergently admitted

patients, the ICU staff would exercise greater care, which

might prolong the time before VAP. Even if the effect of

greater care did not exist, a hidden factor would be causing

this unexplained prolongation of time before VAP.

Both the ventilation period and the operation time not

only mean the time itself but also represent the severity of

the disease, for the following reason. If a patient has more

severe disease, operation time [5, 17] or ventilation period

[11, 18, 19] would tend to be longer. Perhaps the failure to

estimate the ‘‘clinically required ventilation period’’ helped

us to find the operation time effect with the severity effect.

Operation time can be determined much more easily than

can clinically required ventilation period or severity.

Therefore, accurate observation of operation time would be

more useful than uncertain estimates of clinically required

ventilation period or severity. The two-way method might

allow us to find a more suitable factor.

Some previous studies excluded episodes of VAP

developing after less than 48 h of ventilatory support [3, 4,

9] because the definition of VAP also excludes such epi-

sodes. However, the focus of the present study was the

method of analysis rather than factors leading to VAP.

Therefore, we gave priority to including many subjects

instead of excluding subjects with biased information. If

we had an adequate sample size, we could exclude epi-

sodes occurring with a ventilation period of less than 48 h.

Unfortunately, we could not examine every factor used in

this study without episodes of VAP developing before a

ventilation period of 48 h. Adding analyses excluding these

early episodes revealed the same tendency as in multivar-

iate analysis; therefore, we also interpreted the results of

analyses with early episodes.

Another problem was encountered before interpretation.

We had examined levels of brain natriuretic peptide (BNP)

before admission as a comorbidity factor representing

cardiac failure. However, BNP is rarely examined, except

by departments of cardiovascular surgery. In addition, in

patients with high BNP levels, cardiac failure is usually

treated with surgery. Unfortunately, we examined BNP and

other factors reflecting cardiac function before surgery

rather than after surgery. Although BNP measured before

admission had a bias that appeared significant in the

analyses models, we excluded 172 sampled, biased, and

clinically unimportant measurements of BNP before

admission.

An earlier study [6] had found that higher BMI

increased the rate of VAP, but our data show that higher

BMI decreases the rate of VAP. These results appear

contradictory but may be explained by a difference in

distribution. BMI usually shows a J-shaped correlation

with many factors, such as mortality [20] and infection rate

[21]. The earlier study found that 37.3% of patients had a

BMI \25 kg/m2, but the present study found that 82.5% of

female subjects had a BMI \25 kg/m2. Therefore, a

J-shaped correlation of BMI with VAP will explain this

different tendency.

Few earlier studies have considered the correlation of

operation time with VAP [5]. Our data suggest that oper-

ation time is associated with the rate of VAP, but our

failure-time analysis failed to find this association. More

data are needed to examine this effect. When a patient who

has more severe disease undergoes surgery, operation time

tends to increase. Therefore, operation time would corre-

late with disease severity. In addition, operation time is

easily determined. Therefore, further investigation of the

effect of operation time on VAP is warranted.

We have performed the same type of two-way analysis

for postchemotherapeutic febrile neutropenia in patients

with hematological malignancies, using previously repor-

ted data [22]. Because the problem of clinically required

ventilation period was not involved, only rate analysis was

performed [23–25]. We found that patients with acute

myelogenous leukemia had a higher fever rate but their

fever occurred later. The discrepancy in univariate analysis

might be explained by time-dependent bias, and the

peculiar prolongation of fever in male patients on multi-

variate analysis suggests that staff efforts, such as prepa-

ration of sterile food, reverse isolation in private rooms,

and antibiotic prophylaxis, prolonged the fever. We spec-

ulate that such artificial efforts might cause this type of

discrepancy.

We analyzed the accident rate and the time before

accidents, which, in this case, was the development of

VAP. These two variables are similar but differ in some

ways, such as emergency admission. Unknown factors

might be obscured by such differences. However, distin-

guishing a true difference from a technical difference can

be difficult and requires keen clinical or situational insight.

We believe that if an accident occurs frequently in a group,

efforts would be made to avoid the accident. Such efforts

would prolong the time before an accident occurs and

reduce the accident rate. However, sometimes the accident

rate in a given group, although lower, remains higher than

that in another group, whereas the time before an accident

becomes longer than in the other group. This situation may

create a time-dependent bias and peculiar prolongation of

the time before an accident. Therefore, an artificial effect

of this type would, in theory, be detected with this two-way

method. This two-way method has rarely been used but

could be used for various types of study. This method is
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somewhat complicated and can easily be misinterpreted,

but we hope that many researchers will use and verify this

two-way method.
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