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Background: The absolute neutrophil count and the immature/total neutro-
phil ratio (I/T) provide information about the risk of early onset sepsis in 
newborns. However, it is not clear how to combine their potentially overlap-
ping information into a single likelihood ratio.
Methods: We obtained electronic records of blood cultures and of com-
plete blood counts with manual differentials drawn <1 hour apart on 
66,846 infants ≥34 weeks gestation and <72 hours of age born at Kaiser 
Permanente Northern California and Brigham and Women’s Hospitals. We 
hypothesized that dividing the immature neutrophil count (I) by the total 
neutrophil count (T) squared (I/T2) would provide a useful summary of the 
risk of infection. We evaluated the ability of the I/T2 to discriminate new-
borns with pathogenic bacteremia from other newborns tested using the 
area under the receiver operating characteristic curve (c).
Results: Discrimination of the I/T2 (c = 0.79; 95% confidence interval: 
0.76–0.82) was similar to that of logistic models with indicator variables for 
each of 24 combinations of the absolute neutrophil count and the proportion 
of immature neutrophils (c = 0.80, 95% confidence interval: 0.77–0.83). 
Discrimination of the I/T2 improved with age, from 0.70 at <1 hour to 0.87 
at ≥4 hours. However, 60% of I/T2 had likelihood ratios of 0.44–1.3, thus 
only minimally altering the pretest odds of disease.
Conclusions: Calculating the I/T2 could enhance prediction of early onset 
sepsis, but the complete blood counts will remain helpful mainly when done 
at >4 hours of age and when the pretest probability of infection is close to 
the treatment threshold.
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A complete blood count (CBC) with white blood cell (WBC) 
differential is often done as part of an evaluation for sepsis in 

newborns. Beginning with Manroe et al,1 many investigators have 
shown that a low WBC count, a low absolute neutrophil count (ANC) 
and a high proportion of immature neutrophils (I/T, where I is the 
immature and T is the total neutrophil count) predict infection.2–10 We 

recently showed that the CBC is more informative if its performance 
is deferred until at least 4 hours of age, and the results are categorized 
into intervals, rather than simply dichotomized into “normal” and 
“abnormal” ranges.8 We provided likelihood ratios (LRs) for WBC 
counts, ANC and I/T results in 5 intervals for 3 periods.8 However, 
we did not discuss the best way to combine the results of these tests.

If the WBC count, ANC and I/T were independent, one could 
simply multiply the LRs for their results together. The term “inde-
pendent” means that in both those with and those without disease, 
knowing the results of one of the tests does not provide information 
about the results of the other tests.11 However, because the ANC is a 
large component of the WBC count and is included in the denomi-
nator of the I/T, the tests are not independent. With a sufficient sam-
ple size, it would be possible to estimate interval LRs for each test 
result at each level of the others. However, obtaining such a large 
sample is not practical. Consequently, other approaches are needed.

Based on exploratory analyses of a previous dataset,7 we 
hypothesized a priori that the I/T divided by the total neutrophil 
count would capture information from both tests in a single num-
ber. The rationale for calculating the I/T2 is that a high I/T is more 
worrisome when the total neutrophil count is low.2,12 By dividing 
the I/T by the total neutrophil count again, that is, calculating I/T2, 
we hypothesized that we might capture this worrisome combination 
of a high I/T and low total neutrophil count with a single number.

MATERIALS AND METHODS
The Institutional Review Boards for the Protection of Human 

Subjects of Kaiser Permanente Northern California (KPNC), the 
Brigham and Women’s Hospital (BWH) and the University of Cali-
fornia, San Francisco approved the study protocol. We have previ-
ously described in detail the methods for obtaining the data ana-
lyzed for this study8 and will summarize only briefly here.

Study Subjects
We used electronic medical records to identify infants born 

at ≥34 weeks gestation from January 1, 1995, through September 
30, 2007, at KPNC hospitals and from January 1, 1993, through 
December 31, 2007, at BWH. We included those who had a CBC 
done at <72 hours of age and within 1 hour of a blood culture. We 
kept the first positive blood culture and associated CBC for infants 
with positive cultures and the first blood culture/CBC pair for other 
infants. CBCs and blood cultures were drawn according to the pro-
tocols and clinical judgment of clinicians at each site. From the 
67,623 infants with paired CBC and blood culture results included 
in our previous study, we excluded 777 who did not have a manual 
microscopic WBC differential, leaving 66,846 subjects (including 
244 of the 245 infants with infection) for the current study.

Predictor Variables
CBCs were done using Beckman-Coulter or Sysmex hema-

tology analyzers at KPNC hospitals and an Advia 120 Automated 
Hematology Analyzer at the BWH. The differential WBC count 
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was done manually on a mean of 100.0 cells (standard deviation 
0.9) to allow for identification of bands. The ANC was calculated 
as the automated estimate of the WBC × (% segmented neutro-
phils + % bands)/100. The I/T was calculated as the total number 
of immature neutrophils (promyelocytes, myelocytes, metamyelo-
cytes and bands) divided by the total number of cells in the neutro-
philic cell line (immature plus segmented neutrophils). To account 
for changes in WBC over the first several hours after birth, we used 
3 age strata, as defined in our previous study:8 <1 hour, 1 to <4 
hours and ≥4 hours.

Outcome Variable
The outcome variable was whether the blood culture paired 

with the CBC was positive for a presumed pathogen. We classified 
blood cultures without regard to CBC results using an algorithm 
based primarily on the organism and the time to culture positiv-
ity.8,13 The predominant organisms were group B streptococcus 
(56%) and Escherichia coli (21%).

Statistical Analysis
We first compared models that included either the WBC 

count or the ANC, alone and combined with the I/T, to decide 
which of these 2 closely related counts to use for further analy-
ses involving the I/T. We assessed performance by comparing dis-
crimination, as measured by the area (c) under the ROC curve, and 
calibration, measured by the Hosmer-Lemeshow test of goodness 
of fit with 10 groups,14 using models in which the WBC count or 
ANC was included as either a continuous variable or as a group of 
indicator variables.

To explore the joint relationship between the ANC and the 
I/T, we grouped the results of the ANC and I/T into 5 categories 
each. We chose round number boundaries for these categories so 
that each category of cell counts had enough subjects to include 
at least 30 cases of bacteremia. Although the I/T2 was the only 
function of I and T that we hypothesized a priori, we used logistic 
regression with log(I) and log(T) to more generally examine predic-
tors of the form IxTy, to see whether exponents different from x = 1 
and y = −2 might lead to improved prediction of case status. These 
analyses excluded subjects with I = 0 because log(0) is undefined. 
Because the I/T2 was highly skewed, we used cutoffs that increased 
logarithmically to create single variables with 7 or 8 categories.

Although dichotomizing test results leads to loss of infor-
mation,8,11 another way to compare the I/T2 with the ANC and I/T 
is to compare specificity at a cutoff that yields a fixed sensitivity. 
To do this, we identified the I/T2 value associated with a LR of 1 by 

modeling log(I/T2) as a continuous variable in the whole cohort and 
in the 3 previously defined age groups.8 We calculated sensitivity 
and specificity of the I/T2 using that cutoff, then compared the spec-
ificity of the ANC and I/T at cutoffs that yielded that same sensitiv-
ity. We further compared the discrimination of the ANC, I/T and  
I/T2 in each age group by estimating the area under the ROC curve, 
dividing each variable into 7 intervals using round number cutoffs.

To estimate the LR as a continuous function of the logarithm 
of the I/T2, we obtained predicted post-test probabilities of infec-
tion from the logistic regression model, used these to calculate the 
post-test odds of infection and calculated the LR as the quotient 
of these post-test odds and the pretest odds observed in this study.

RESULTS
Of the 66,846 infants with paired CBC and blood cultures 

included in this study, 244 (0.37%) had bacteremia. About 70% 
of the infants were born at KPNC hospitals and 30% at BWH 
(Table 1). Limited additional information about the study subjects 
is provided in Table 1; more detailed information on this cohort has 
been previously published (except that infants with no manual dif-
ferential were also included in the previous cohort).8

Analyses comparing discrimination and calibration of the 
WBC count and the ANC, either alone or in combination with the 
I/T, showed that the WBC count and the ANC performed similarly 
but that the ANC performed a little better in all models. We there-
fore selected the ANC (or the very closely related total neutrophil 
count, which includes metamyelocytes, myelocytes and promyelo-
cytes as well as segmented neutrophils and bands) to use for subse-
quent analyses in combination with the I/T.

The 5 × 5 table showing the joint distribution of ANC and 
I/T yielded between 30 and 23,739 newborns per cell (Table 2). 
The risk of infection ranged from 0.1% to 20% (Fig. 1). Newborns 
with the lowest ANC values were at high risk of infection regard-
less of their I/T, whereas those with the highest I/T were at not at 
high risk if their ANC was normal. The risk of infection increased 
monotonically with decreasing ANC at every level of I/T. In con-
trast, the effect of I/T at each level of ANC was more variable; the 
most consistent finding was that I/T < 0.15 was the most reassuring 
result at all levels of ANC (Fig. 1).

The logistic regression to identify optimal exponents x and y 
for a predictor of the form Ix/Ty yielded x = 0.93 and y = −1.98 when 
newborns with I = 0 were excluded. Adding 0.1 to the immature 
neutrophil count to include the 5481 subjects (including 10 cases) 
with zero immature neutrophils yielded x = 0.99 and y = −2.03. 

TABLE 1. Description of the Study Participants

Total Number % of Study Population Number With Infection Infection Risk Per 1000 P (χ2 Test)

Year of birth <0.001
  1993–1997 13,316 19.9 76 5.7
  1998–2002 24,688 36.9 109 4.4
  2003–2007 28,842 43.1 59 2.0
Hospital/Healthcare system of birth 0.32
BWH 20,225 30.3 81 4.0
Kaiser Permanente 46,621 69.7 163 3.5
Gestational age 0.1
  34–36 6/7 wks 11,274 16.9 29 2.6
  37–38 wks 13,163 19.7 54 4.1
  ≥ 39 wks 42,409 63.4 161 3.8
Age at the time of the CBC <0.001
  0–0.99 h 10,119 15.1 63 6.2
  1–3.99 h 32,812 49.1 91 2.8
  ≥4 h 23,915 35.8 90 3.8
Total  66,846 100.0 — —
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These exponents are remarkably close to the values of x = 1 and 
y = −2 that we had hypothesized in proposing use of I/T2. We there-
fore continued analyses using the I/T2; the resulting  8-category 
variable had LRs that ranged from 0.17 to 91 (Table 3). The LR 
for the 8% of subjects with I/T2 = 0 was 0.5, which was not as 
low as the LR for those with slightly higher immature neutrophil 
counts. This led to a poor fit when I/T2 was modeled as a continu-
ous variable. Rather than allowing LRs to change non-monotoni-
cally (which very slightly improved the discrimination but seemed 
biologically implausible), we combined the bottom 2 categories in 
Table 3 to create a 7-category I/T2 variable. The discrimination of 
this  7-category variable [c = 0.79; 95% confidence interval (CI): 
0.76–0.82] was significantly (P < 0.001) better than either the ANC 

alone (c = 0.72, 95% CI: 0.69–0.76) or the I/T alone (c = 0.75; 95% 
CI: 0.72–0.78; Fig. 2) and almost as high as the value obtained 
(c = 0.80; 95% CI: 0.77–0.83) with a total of 24 indicator variables 
representing every combination of 5-category ANC and I/T vari-
ables. Discrimination was similar for infections caused by group B 
streptococcus (c = 0.80, 95% CI: 0.76–0.84) and those caused by 
other organisms (c = 0.78, 95% CI: 0.73–0.83).

When modeled as a continuous variable the LR for the I/T2 
was 1.0 at a value of 0.02 in the entire cohort and also separately in 
all 3 age groups studied. Dichotomized at 0.02, the I/T2 had sensi-
tivity of 68% and specificity of 78%; the specificity was higher than 
either the ANC (63%) or the I/T (73%) at that sensitivity (Table 4). 
The performance of the I/T2 improved with age and was better than 
either the I/T or the ANC at all ages except <1 hour, at which age 
the I/T was slightly better and the ANC was close to useless. For 
infants of all ages combined, the LR for the I/T2 was about 50 times 
the value of the I/T2; the equation for the line relating the LR to 
the I/T2 for all age groups combined had slope 49.3 and intercept 
−0.16. As expected, the LR increased less steeply for CBCs done 
at <1 hour and more steeply for those done at > 4 hours (Fig. 3).

DISCUSSION
This retrospective cross-sectional study included a single CBC 

on each of >60,000 term and near-term newborns, 244 of whom had 
culture-proven bacterial infections. As others1–5,9,10 and we6–8 have pre-
viously reported, both a high I/T and (especially) a low ANC were 
predictive of infection, mainly in infants > 4 hours of age. Our novel 
result is that the best way to combine these 2 nonindependent tests is 
to calculate the I/T2. The I/T2 is a single number that had better speci-
ficity (78%) than either the ANC (63%) or I/T (73%) alone (at the 
same 68% sensitivity). As measured by the area under the ROC curve, 
it discriminated almost as well (c = 0.79) as a multivariate model con-
taining 25 possible combinations of the ANC and I/T (c = 0.80).

TABLE 2. Joint distribution of ANC and proportion immature neutrophils (I/T) in 66,846 newborns evaluated for sepsis

ANC (x 10^9/L)

I/T

0–0.1499 0.15–0.299 0.3–0.449 0.45–0.599 0.6–1 Total % in Row

0–0.99 93 30 36 33 72 264 0.4
1–1.99 407 100 81 62 100 750 1.1
2–4.99 4364 1007 467 318 282 6,438 9.6
5–9.99 15,465 4562 1476 641 371 22,515 33.7
≥ 10 23,739 9536 2569 767 268 36,879 55.2
Total 44,068 15,235 4629 1821 1093 66,846 100
% in Column 65.9 22.8 6.9 2.7 1.6 100

FIGURE 1. Risk of bacterial infection by proportion 
immature neutrophils (I/T) and ANC.

TABLE 3. Prevalence of Bacteremia and Likelihood Ratios for Intervals of Immature Neutrophils Divided by Total 
Neutrophils Squared (I/T2)

I/T2 × 100 Interval N Cumulative % Cases of Infection Infection Risk/1000
Likelihood Ratio for 

Interval (95% CI)

0* 5481 8 10 1.8 0.50 (0.27–0.92)
0.01–0.49* 14,767 30 9 0.6 0.17 (0.09–0.32)
0–0.49* 20,248 30 19 0.9 0.26 (0.17–0.40)
0.5–0.99 15,691 54 25 1.6 0.44 (0.30–0.63)
1–1.99 16,018 78 33 2.1 0.56 (0.41–0.77)
2–4.99 10,747 94 52 4.8 1.3 (1.0–1.7)
5–9.99 2598 98 28 11 3.0 (2.1–4.2)
10–99.9 1476 100 70 47 14 (11–17)
≥ 100 68 100 17 250 91 (53–155)
Total 66,846 100 244 3.7

* Two methods of categorizing low values are shown; the top 2 rows are combined in the 3rd row.
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Several features of the I/T2 make it potentially attractive 
for clinical use. First, it is easy to calculate. Although we antici-
pate that eventually an electronic medical record will calculate 
the I/T2 (and its age-specific likelihood ratio), for now clinicians 
calculating the I/T2 need only to push the “divide” button on their 
calculators once more after obtaining the I/T. Second, the point at 
which the LR for the I/T2 is equal to 1.0, that is, the point (about 
the 80th percentile) at which the result changes from reassuring 
to worrisome, is an easily remembered round number: 0.02. It is 
noteworthy that the I/T2 associated with a LR of 1.0 could have 
varied with age but did not. The fact that all 3 lines in Figure 3 
cross close to where LR = 1 will make this index easier to use in 
practice. Third, a useful property of the I/T2 is that multiplying 
by 50 gives a rough estimate of the likelihood ratio. The actual 
LR depends on the age at which the CBC was done (with the LR 
slightly farther from 1 at older ages), but the I/T2 × 50 provides a 
useful anchoring point. Finally, use of the I/T2 allows use of infor-
mation from both the ANC and the I/T, without the unwarranted 
assumption of independence and a common oversimplification, 
which is to consider the CBC abnormal if any component of the 
CBC is abnormal.

While the large sample size is a strength of our study, its reli-
ance on electronically available data is a limitation. We did not have 
data on method of blood sampling, which is known to affect WBC 
counts in newborns.15–17 However, in our previous study,8 we found 
that using the deviation of the counts from those expected based 
on a variety of other factors also known to affect WBC counts, 
including the age at which they were drawn, the delivery method, 
maternal preeclampsia and gestational age,18,19 did not improve the 
prediction of early onset sepsis compared with using the counts 
themselves.

FIGURE 2. ROC curves for prediction of infection by I/T2, 
ANC and I/T

TABLE 4. Test Characteristics for Dichotomized ANC, Proportion of Immature Neutrophils (I/T) and I/T2 at Different 
Age Groups

Sensitivity (%) Specificity (%) LR+ LR− c* (95% CI)

Age < 1 hour (63 cases)
  ANC < 9.0† 62 43 1.08 0.89 0.55 (0.47–0.63)
  I/T > 0.2 62 73 2.31 0.52 0.71 (0.65–0.78)
  I/T2 > 0.02 62 67 1.88 0.57 0.70 (0.63–0.76)
Age 1–3.99 h (91 cases)
  ANC < 8.9 64 58 1.53 0.62 0.68 (0.61–0.74)
  I/T > 0.172 64 72 2.26 0.5 0.72 (0.66–0.78)
  I/T2 > 0.02 64 76 2.64 0.48 0.75 (0.69–0.81)
Age ≥ 4 h (90 cases)
  ANC < 9.8 78 73 2.91 0.3 0.84 (0.78–0.89)
  I/T > 0.185 78 75 3.1 0.3 0.80 (0.75–0.85)
  I/T2 > 0.02 78 85 5.27 0.26 0.87 (0.83–0.92)
Total cohort (244 cases)
  ANC < 9.03 68 63 1.83 0.5 0.72 (0.69–0.76)
  I/T > 0.18 68 73 2.54 0.43 0.75 (0.72–0.78)
  I/T2 > 0.02 68 78 3.1 0.41 0.79 (0.76–0.82)

* Area under the ROC curve (c) is for the variable in the 7 categories shown in Table 3.
† Cutoffs for ANC and I/T were chosen to match the sensitivity of I/T2 at a cutoff of 0.02.

FIGURE 3. Estimated likelihood ratios for the I/T2 overall 
and at different ages.
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Another potential limitation is that the study period ended 
in 2007. Although recommendations for use of intrapartum antibi-
otics to prevent early-onset sepsis have changed since that time,20 
the distribution of organisms causing it in our study population 
has not.21 In addition, we found that the I/T2 performed similarly 
whether the infection was caused by group B streptococcus or other 
organisms. Thus, we would not expect current I/T2 values to per-
form differently from those in this study. A strength of this study 
compared with other recent studies using electronic data9,22 is that 
we had exact ages at which CBCs and blood cultures were drawn, 
allowing them to be matched more closely to 1 another. Combined 
with our focus on term and late preterm infants, this may account 
for the better predictive ability of the CBC in the current study.

Although the I/T2 appears to capture most of the ability 
of the CBC to predict bacteremia, the CBC still leaves much to 
be desired as a test for infection. More than 60% of newborns in 
this study had intermediate levels of I/T2, corresponding to LRs of 
0.44–1.3, which are only minimally informative (Table 3). Even 
when most reassuring, the LR for the I/T2 is in the range of 0.25. 
This is not low enough to rule out infection in high risk or symp-
tomatic infants. Such infants should be treated without waiting for 
the results of the CBC.

The CBC is most likely to be helpful if obtained after 4 
hours of age and when applied to “borderline” cases. Our team 
has recently described how to combine maternal factors23 with the 
evolving clinical examination.24 Thus, it is now possible to define 
“borderline” quantitatively. Future research should continue our 
examination of how best to combine different quantitative indices 
to obtain more refined and accurate estimates of a newborn’s risk 
for sepsis.

We conclude that the I/T2 shows promise as a simple way to 
capture the predictive ability of both the ANC and the I/T in a sin-
gle number. Additional studies to validate this index in other popu-
lations are needed. In the meantime, even if it is only approximate, 
the simple rule that the LR is close to 50 × I/T2 may be a useful 
adjunct to CBC interpretation in newborns.
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