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Key points
•

Mechanistic modeling of stable isotope labeling verifies human neutrophil half-lives of 13-19
hours in contrast to recent estimates of >3days

•

Human neutrophil kinetics can be measured using a single dose deuterium-labeled glucose
protocol
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Abstract
Human neutrophils have traditionally been thought to have a short half-life in blood; estimates vary
from 4-18 hours. This dogma was recently challenged by stable isotope labeling studies with heavy
water which yielded estimates in excess of 3 days. To investigate this disparity we generated new
stable isotope labeling data in healthy adult subjects using both heavy water (n=4) and deuteriumlabeled glucose (n=9), a compound with more rapid labeling kinetics. To interpret results we
developed a novel mechanistic model. We applied this model to both previously-published (n=5) and
newly-generated data. We initially constrained the ratio of the blood neutrophil pool to the marrow
precursor pool (R=0.26, from published values). Analysis of heavy water datasets yielded turnover
rates consistent with a short blood half-life, but parameters, particularly marrow transit-time, were
poorly-defined. Analysis of glucose-labeling data yielded more precise estimates of half-life, 0.79 ±
0.25 days (19 hours), and marrow transit-time, 5.80 ± 0.42 days. Substitution of this marrow transittime in the heavy water analysis gave a better-defined blood half-life, 0.77 ± 0.14 days (18.5 hours),
close to glucose-derived values. Allowing R to vary yielded a best-fit value, R=0.19. Reanalysis of the
previously-published model and data also revealed the origin of their long estimates for neutrophil
half-life, an implicit assumption that R is very large, which is physiologically untenable. We conclude
that stable isotope labeling in healthy humans is consistent with a blood neutrophil half-life of less
than one day.
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Introduction
Maintenance of adequate numbers of circulating neutrophils is critical for survival, but our
understanding of how this is achieved is incomplete. Some aspects of neutrophil development, such
as the origins, development and maturation of bone marrow precursors,1-3 are well-characterized;
whilst others, such as the dynamics of cell proliferation and blood turnover, are more controversial.4
It is known that there is a clear separation between the precursor expansion phase, which
terminates when cells become metamyelocytes,1 and the maturation phase, which normally lasts
about 5-6 days before release of cells into the circulation,5 but the fate of cells once released into
the circulation is more controversial.
Traditional dogma maintains that cells circulate for less than a day before leaving the circulation; this
may be even faster during infection or trauma. Estimated half-lives in healthy individuals vary
between 4.3 and 17.5 hours.4-6 However, this dogma dates back to early experiments with cell
transfer models and/or toxic or radioactive tracers.5,7-9 Interpretation of such experiments may have
been confounded by cell death (particularly since neutrophils are very susceptible to apoptosis with
any ex vivo manipulation) or direct effects from high-energy radioactive tracers.4
A recent study by Pillay

et al

using

in vivo

stable isotope labeling with heavy (deuterium-labeled)

water (2H2O) - which is non-toxic and does not require cell manipulation - concluded that the
previous estimates were incorrect; their estimate for the

in vivo

half-life of circulating neutrophils

was about 3.7 days (corresponding to a lifespan of 5.4 days), an order of magnitude higher than
previous estimates.10 If true, this would represent a major paradigm shift in our understanding of
neutrophil kinetics. One potential explanation for this discrepancy between historic and recent
studies might be excess cell toxicity in historic data leading to an overestimate of cell disappearance
in these earlier studies. A second potential explanation is the mathematical model used to interpret
the recent stable-isotope labeling curves.11 The one-compartment model of Pillay
3

et al

may have
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failed to adequately describe the behavior of a complex population which proliferates in a remote
(unmeasured) compartment (i.e. bone marrow), and which is lost from the sampled compartment
(i.e. blood). Furthermore, rapid cell fluxes may be difficult to capture with heavy water, which labels
and delabels slowly (turnover rate ~5 %/day).
One way to resolve this uncertainty would be to sample bone marrow following deuteriumlabeling;12 although undoubtedly revealing, this would require repeated marrow aspirations. We
propose here an alternative, less-invasive approach, combining a novel mathematical model of
granulopoiesis with the acquisition of new complementary data using the short-lived label,
deuterium-labeled glucose. To investigate why Pillay

et al.

obtained such large estimates we also

acquired new data using their label of choice (heavy water) and, in addition, performed a reanalysis
of their published data.
This aims of this study were: (a) to test whether a short-pulse labeling protocol with deuteriumlabeled glucose could be developed for analysis of in vivo human neutrophil kinetics, (b) to develop a
physiological yet parsimonious model of neutrophil proliferation and loss, and (c) to re-evaluate
quantitative parameters of neutrophil kinetics (proliferation rate, marrow transit-time and blood
half-life) using data from both published water-labeling data and new glucose- and heavy waterlabeling studies.
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Methods
1.

In vivo

glucose-labeling

Nine healthy adult subjects (age 20-52; 6M:3F; Table 1) received [6,6-2H2]-glucose (Cambridge
Isotopes, Cambridge MA) as an oral solution. In initial studies, 60g was given over 10 hours as halfhourly aliquots, preceded by a priming dose to rapidly achieve steady-state labeling. Subsequent
studies were modified to develop the simplest workable protocol; dosing was progressively reduced
(Table 1) to a single oral dose of 20g. Blood glucose enrichment was monitored during and after oral
labeling, as previously described.13 At selected time-points after labeling, neutrophils were isolated
from blood by gradient centrifugation with

Polymorphprep

(Alere Technologies AS, Oslo, Norway);

purity and yield were confirmed by flow cytometry. In two subjects, C59 and C60, aliquots were
further purified by CD16 antibody-coated magnetic bead adhesion (Miltenyi Biotec, UK) and
analyzed in parallel with cells purified by gradient-separation alone. DNA was extracted and
deuterium enrichment measured by gas chromatography-mass spectrometry (GC-MS) as previously
described.13,14

2.

In vivo

heavy water labeling

Four further healthy subjects (age 29-83; 3M:1F) received heavy water (2H2O) for 7 weeks: 50ml
70% 2H2O (Cambridge Isotopes, Cambridge MA) three-times daily for one week, then twice-daily for
6 weeks, as previously described.14 During labeling and de-labeling periods, saliva samples were
collected to measure the deuterium content in body water. Neutrophils were prepared from the
buffy coat layer below a Ficoll density gradient and DNA processed and analyzed as above.
All subjects gave written informed consent following Ethical Review Board approval (Ref
10/H0803/102 and 13/LO/0022); all interventions were performed according to the principles of the
Declaration of Helsinki.
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3 Analysis of previously published
.

Previously published15

in vivo

in vivo

heavy water labeling data

heavy water labeling data from five subjects were re-analyzed using

the new model (below). Experimental details have been published elsewhere.15 Briefly, healthy
young humans (age 20-25) received heavy water for 9 weeks comprising a prime of 10ml 2H2O /kg
body weight over 24h, followed by 1.25ml 2H2O /kg body weight daily. Cell samples were taken at 14
time points between week 0 and 16; urine samples were measured for body water enrichment. DNA
enrichments in neutrophils were measured by GC-MS.

4. Modeling
To interpret the experimental data, we constructed a new model based on the known physiology of
the granulopoietic system (Figure 1). Implicit are two premises: (i) that mature circulating
neutrophils acquire label as a consequence of cell division during the mitotic stage in the bone
marrow, i.e. as myelocytes, promyelocytes, myeloblasts etc.), and (ii) that after the last mitosis,
metamyelocytes go through a maturation/transit process before release into the circulation,
resulting in a delayed appearance of labeled cells in blood. Model equations are as follows:

 
    

 
    


  



   

1 

1

where Np are proliferating bone marrow neutrophils and Nb are blood neutrophils. Np proliferate at a
rate p and leave the proliferating pool at rate q into the post-mitotic maturation/transit pool where
they reside for time Δ. After the transit time Δ, neutrophils enter into the circulation at rate s and
exit the circulation at rate z.
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In the presence of label, deuterium is incorporated into neutrophil DNA during division of the Np
pool in the bone marrow. Assuming that the amount of DNA per cell is conserved (amount of DNA
proportional to the number of neutrophils) the model equations can be written as follows:

 
        /

 
    

where

NL
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are labeled neutrophils,

bw/g

2

is the normalizing factor of either water or glucose

13,14,16,17

and Ut, representing label enrichment (instantaneous exposure to label) at time t approximated by
the experimental plasma label enrichment. Ut was described by an empirical curve for water labeling
studies 15; by a square-pulse approach with exponential tail for the 3h, 4h and 10h labeling protocols
and by interpolation between data points for the single oral bolus approach (C59,C60)
(Supplementary Text 1).
Assuming a constant number of cells in each pool, the steady-state constraint requires that the net
flow of the system equals 0 (p·Np(t) =

), from equations 1a and 1b. Using

q·Np(t) = s·Np(t-Δ) = z·Nb(t)

these constraints to eliminate p, q and s and dividing equations 2a and 2b by the number of cells in
each pool gives equations 3a and 3b, where

L

is the fraction of labeled neutrophils in the

proliferating pool (Lp) and in blood (Lb), and R is the ratio of blood neutrophils to mitotic neutrophil


precursors in marrow   ್ .


 
       /
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This model thus has up to three free parameters (z, R and Δ, see following subsection).

7

From www.bloodjournal.org by guest on June 25, 2019. For personal use only.

Estimation of the ratio of blood neutrophils to bone marrow mitotic precursors (R)
We defined R as the ratio of the number of neutrophils in blood to the number of mitotic
neutrophils in marrow. Initially we fixed R using estimates derived from the literature, R=0.26 (Box
1). This value was used when fitting each individual separately. In later analysis we allowed R to be a
free parameter which we estimated from fitting the model to all individuals simultaneously (R, z and
Δ were population parameters).

Fitting procedure and expression of results
Equation 3a and 3b were fit to the experimental data by minimizing the sum of squared residuals
between prediction and observation using the pseudorandom algorithm in the FME package in R.18-20
Standard errors on estimates were calculated using the asymptotic covariance matrix method.21
When comparing our conclusions with other estimates in the literature, the reader should be aware
that we have quoted half-life values (t½=ln(2)/z), which will be a factor of 1.44 less than “lifespan”
values, (lifespan=1/z).

8
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Box 1: Estimation of R from published literature
We define R as the ratio of the number of neutrophils in blood to the number of mitotic neutrophil
precursors in bone marrow. We assume R is constant for all individuals. We estimate R by estimating
each pool size from values in the published literature.

Total blood neutrophil pool size
The mean count of circulating blood neutrophils for the Caucasian population has been estimated to
be 4.2×109cells per liter.22 The blood volume of the 73kg reference man is 5.3L.23 This gives an
estimate for the circulating pool of 3.05×108 cells/kg body weight (BW). In addition to the circulating
pool the total blood pool also includes the marginal pool; since this is in fast equilibrium with the
circulating pool, we consider them to be a single kinetically homogeneous population.8 The size of
the marginal pool has been estimated by different methods. Labeling studies suggest a value of
between 43% and 58% of the total blood granulocyte pool,5,7,8 but these studies were performed
under conditions that might affect neutrophil kinetics. Studies using epinephrine (which mobilizes
the marginal blood pool without affecting the total blood pool size7,24), suggest that the marginal
pool size accounts for 50-55% of the total neutrophil blood pool.25,26 Taking the more conservative
value (50%) gives an estimate of the total blood granulocyte pool (marginal and circulating) of
6.1×108 cells/kg BW, the value used in this study. Notably, it agrees closely with the estimate of
7×108cells/kg BW published by Cartwright et al.8

Bone marrow mitotic neutrophil pool size
Mitotic neutrophils include myeloblasts, promyelocytes and myelocytes -with a minor contribution
from the stem cell pool.27 Flow cytometry and microscopy studies suggest that mitotic neutrophils in
marrow account for 17-19% of total marrow cellularity.2,28,29 The cellularity of bone marrow has been
extensively studied in mice30-32 and humans33-37; the median of these different estimates is 13.05×109
9
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cells/kg (Supplementary Table 1). Taking a value of 17% for the marrow neutrophil precursor mitotic
pool gives an estimate of 2.35×109 cells/kg (the value used in this study), in line with the estimate
provided by Dancey et al of 2.11×109 cells/kg.5

Estimation of the ratio of blood neutrophils to bone marrow mitotic
precursors (R)
Combining these values, a total blood neutrophil pool of 6.1×108 cells/kg and a marrow neutrophil
precursor mitotic pool of 2.35×109 cells/kg, yields an estimate of R of 0.26 blood neutrophils per
mitotic neutrophil precursor.

10
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Results
1. Experimental exploration of neutrophil kinetics using deuteriumlabeled glucose.
Neutrophil labeling after dosing with deuterium-labeled glucose showed a consistent pattern (Figure
2) characterized by a lag period of 5-7 days with no appreciable labeling, a rapid increase in the
proportion of labeled cells, then a slower disappearance. Since deuterium enrichments in the DNA of
circulating neutrophils in initial experiments with a 60g 10-hour dosing schedule were high in the
measurement range, we sought to develop the simplest, least-intrusive, and most cost-effective
protocol by progressively reducing the dose and duration of labeling. Our final protocol, 20g given as
a single dose (Table 1), yielded enrichments in the readily-measurable range, typically 0.5 atoms
percent enrichment (APE); further dosage reductions may be feasible whilst still obtaining reliable
results. Subject acceptability was good, although repeated post-labeling measurements (we
estimate at least six time-points) were required to capture the lag, peak and disappearance phases
adequately.

2. Modeling of heavy water and deuterium-labeled glucose derived
datasets
We developed a two compartment model in which neutrophils acquire label as a consequence of cell
division during the mitotic stage in the bone marrow, i.e. as myelocytes, promyelocytes, myeloblasts
etc.) and then go through a maturation/transit phase (metamyelocytes) before release into the
circulation (Figure 1). The ratio of the size of the total blood neutrophil pool to the bone marrow
neutrophil precursor mitotic pool (R) was initially fixed at a value derived from published literature
(R= 0.26; Box 1); later, we explored the implications of allowing R to be a free parameter. We fitted
this model to the experimental data to estimate the rate of neutrophil disappearance from the
11
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blood (z) and the bone marrow transit time (Δ). The model fitted the new water and glucose data
and the published heavy water data well with the exception of one individual (C42) whose data was
not consistent with other datasets (Figures 2 and 3). Parameters estimates are given in Table 2.
Glucose-labeling experiments yielded values for the median marrow transit time of 5.72 days (mean
± SD 5.80 ± 0.42 days) with a mean neutrophil half-life in blood of 0.79 ± 0.25 days (19 ± 6 hours,
equivalent to a “lifespan” of 1.05 days). Heavy water studies gave not dissimilar values for the halflife in blood of 1.11 ± 0.36 days but parameter estimates were poorly resolved, especially the postmitotic transit-time which had a wide inter-individual range and large standard errors (range 0.415.91 days; mean ± SD 3.4 ± 2.09 days; Supplementary Figure 1, ids A-E and DW04-DW11); similarly a
wide range of values of z fitted the data equally well (Supplementary Figure 2, identifiers A-E and
DW04-DW11). In contrast, estimates from glucose labeling were better resolved (Table 2;
Supplementary Figures 1 and 2, C36R-C60).
We hypothesized that the slightly longer half-life estimates for the water dataset could be an
artefact of the poor estimates of the transit-times. Hence, we repeated the fits to the water datasets
with a fixed transit-time of 5.7 days, a value consistent both with historical data5,16,38 and our
estimates from glucose labeling. The resulting estimates for the half-life of neutrophils, mean 0.77 ±
0.14 days, were not only better resolved but also remarkably consistent with the glucose-based
estimates (Table 3). The quality of the fit (deviation between observation and prediction) with free
and fixed transit times were very similar. Therefore, if R is fixed, based upon estimates from the
literature, and if a glucose/literature-derived value for transit-time is used for heavy water modeling,
both approaches give almost identical estimates of the key kinetics of neutrophil homeostasis, and
provide good fits to the experimental data.

12
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3. Validation of the ratio of blood neutrophils to bone marrow mitotic
precursors (R)
Our initial approach relied upon estimating R from published literature. To investigate the accuracy
of this estimate, we simultaneously fitted the data from the previously-published 9-week heavy
water labeling, and our 3-hour and 10-hour oral glucose labeling datasets; we let z, transit time and
R be free population parameters; C42 was excluded at this point since data was not consistent with
other individuals and we were concerned this may have a distorting effect on the estimate of R. In
order to minimize the number of free parameters, bg and bw were fixed; bg to 0.7313 and bw to 1 by
normalizing the water data to 100%.15 The latter normalization could not be carried out for the 7week labeling dataset due to the uncertainty in having reached 100% of the attainable label in
neutrophil DNA15; for this reason the 7-week dataset was excluded from estimates of R. We found
two scenarios that fitted the data equally well (Supplementary Figure 3), as previously
hypothesized;11 one with an R of 0.19 ± 0.00 (transit time 5.72 days; half-life 13h), and another one
with R=5.49 ± 1.26 (transit time 5.73 days; half-life 3 days). In the former scenario, marrow
maturation/transit time is the rate-limiting step, whereas in the latter, the cell disappearance from
the blood is also slow, as previously described.11 Focusing on the first scenario, which produces
estimates of R similar to those in the literature, we see that our estimates of neutrophil half-life are
reasonably robust to the assumed value of R, being only slightly lower with a free value of R than
with a fixed value. This analysis also showed that a second scenario was numerically possible but
physiologically unlikely as R of the order of 5 is incompatible with what is known about the relative
sizes of the marrow and blood compartments.

4. Comparison of our estimates of neutrophil half-life with those
obtained by Pillay
et al.

13
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Our estimates of neutrophil half-life are consistent with a short half-life of less than one day,
whether we fit to our newly-obtained data or the data presented by Pillay

10

et al

and whichever

label we use. Thus, the difference in estimated half-life must be attributable to model choice not
data. Comparison of our model with that of Pillay et al (Supplementary Text 2) shows that Pillay et al
implicitly assume that R is large, an assumption which is at odds with current knowledge of the
system. Furthermore, it can be seen (Supplementary Figure 3) that as R is increased the estimate of
the circulating half-life increases, explaining why Pillay

et al

obtained such large estimates for the

half life. We suggest that as R is thought to be small (of the order of 0.2) then our, shorter, estimates
of neutrophil half-life are more likely to be accurate.
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Discussion
Neutrophil proliferation and maturation/transit in marrow, egression to blood, and loss rates from
blood have recently received unprecedented attention. Revised estimates for neutrophil lifespan in
blood, generated from heavy water experiments (mean lifespan 5.4 days, corresponding to a half-life
of 3.7 days) conflict with the widely-accepted dogma that neutrophils spend only a very short period
in blood (generally considered to be about 11h, corresponding to a half-life of 7.6h5). Li

11

et al

observed that this disparity could result from data interpretation using a single-compartment model.
Applying a multi-compartment model to the tritium-labeled thymidine data of Dancey

,5 they

et al

showed that two distinct scenarios are mathematically plausible: one where the time taken for
proliferation and transit in marrow is rate-limiting, and another in which the circulatory half-life is
the rate-limiting step.11 We confirmed the mathematical plausibility of these two scenarios using a
two-compartment model with deuterium-labeling experimental data, albeit with slightly longer halflives in both situations. Crucially, we observed that a pivotal difference between the two scenarios
correlates with different relative sizes of the marrow-precursor and blood neutrophil pools. We
hypothesized that focusing on this aspect might allow resolution of the dilemma without recourse to
invasive bone-marrow sampling experiments. We also hypothesized that parameter estimates
should be independent of the kinetics of the tracer used and so should yield similar conclusions
whether derived from heavy water or deuterium-labeled glucose when interpreted using a two
compartment model. Our studies have enabled us to draw several conclusions.
Firstly, in terms of experimental approaches, we found that deuterium-labeled glucose labeling
allowed estimation of the key parameters of neutrophil kinetics with a simple, short, readilyexecuted protocol. Administration of a single oral dose achieves adequate enrichment for
quantitation, although repeated follow-up blood sampling is required. As neutrophils are highlylabeled, minor cellular impurities have a relatively small effect and cell sorting by dual-gradient
density centrifugation appears adequate; parallel studies with and without further magnetic bead
15
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purification in two subjects yielded almost identical enrichment results (Supplementary Figure 4).
The single-dose 2H2-glucose approach with two-compartment modeling appears to represent a
potentially widely-applicable method for the study of human neutrophil kinetics in vivo.
Secondly, in terms of modeling, we confirmed that estimation of parameters is critically related to
the relationship between the size of the marrow-precursor and the blood neutrophil pool. Fixing this
ratio of pool sizes at 0.26 (from published values for physiological variables, Box 1) allowed us to
obtain unique best fits for key parameters in neutrophil kinetics. Poor parameter estimates for
heavy water could be attributed to the difficulty in estimating the marrow transit-time using a tracer
with a slow “on” and “off” dynamic. When externally-derived values for transit-time were fixed for
the heavy water data, much more precise estimates for the key parameters were obtained, which
were remarkably close to those obtained from glucose-labeling experiments.
Additionally, we were able to demonstrate the source of the very high estimates of circulatory halflife previously calculated by Pillay et al (see Supplementary Text 2). It seems that the major problem
of the previously-described one-compartment model is the implicit assumption that the number of
proliferating neutrophil precursors in marrow is small compared to the number of neutrophils in
blood leading to a very high estimate of the neutrophil half-life. This assumption clashes with current
knowledge of neutrophil cell population sizes in bone marrow and blood.
Thirdly, in terms of the physiological implications of these findings, we found that, for fixed R, stable
isotope labeling data was consistent with the traditional dogma of a rapid turnover of blood
neutrophils. Mean values for the circulatory half-lives were 19h and 18h, for glucose and water,
respectively. We further confirmed that in healthy individuals, the post-mitotic transit-time is about
5.7 days. If R is allowed to be a free parameter we estimate a slightly shorter neutrophil half-life of
13h. These estimates are in good agreement with previous half-life estimates obtained both by
labeling 5,7-9 and an independent (label-free) method based on fitting a model of myelosuppression
to antitumor-treatment datasets39. If the model presented here, with an R equal to 0.26, is fitted to
16
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[3H]3-thymidine data available in the literature,1,5 a blood half-life of 13-16h is obtained, which is
slightly smaller than the estimates obtained from heavy water and glucose using the same value of
R. It is well known that

ex vivo

manipulation of neutrophils or the use of toxic compounds such as

DFP32, BrdU, and [3H]3thymidine may affect the viability of cells, affect their kinetics, plasticity
and/or increase their sequestration in organs.40-44 As discussed elsewhere,4 this may explain these
remaining discrepancies.
Although more complex models can readily be developed they did not change our basic conclusion
that neutrophil half-life is short, though precise estimates did vary (3h-16h depending on model).
None of the models provided a better fit to the labeling data than our current model choice (results
not shown). Other scenarios considered included concatenated series of mitotic pools in marrow, a
discrimination between marginal/circulating blood pools, egression from marrow defined by
different probability density functions and age-dependent loss in blood. The current model assumes
a steady state – application to non-steady state situations such as trauma and sepsis may be
attained by the inclusion of a feed-back loop affecting proliferation, as has been done before in
studies of myelosupression upon anti-tumor treatment.39,45,46 Similarly, circadian oscillations are not
included within the steady-state model. Blood neutrophil counts follow a circadian rhythm,47,48
which may be due to changes in proliferation, transit/release or death/disappearance. Heavy water
labels throughout the 24-hour cycle whilst glucose labeling was always performed in day-light hours
(photophase); samples were consistently taken in the early-morning (0800-1000). The fact that
photophase labelling with glucose and continual (photophase & scotophase) labelling with water
gave similar estimates for neutrophil proliferation and dwell time suggests that there are probably
not very large variations in these parameters with phase of the circadian clock. A more detailed
analysis of the potential impact of circadian oscillations is, however, beyond the scope of this paper.
In summary, application of a mechanistic, biologically-meaningful model demonstrates that

in vivo

deuterium labeling data, whether obtained using heavy water or glucose is consistent with a half-life
17
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for neutrophils in blood of less than a day. We have shown how longer half-lives may be
mathematically consistent with the data, but only if the relative sizes of the blood and marrow pools
are allowed to assume unphysiological values. This model has wider potential applications, including
investigation of cells such as some T-cell populations, leukemic cells and monocytes, where
proliferation and sampling occur in different compartments.

18
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Tables
Identifier
C36R

Age (years)
52

Gender

Label

Total dose

Labeling time

M

2

H2-Glucose

60 g

10h

60 g

10h

C41

28

F

2

C42

44

F

2

30 g

4h

C46

28

F

2

20 g

3h

M

2

20 g

3h

20 g

3h

C48

36

H2-Glucose
H2-Glucose
H2-Glucose
H2-Glucose

C49

30

M

2

C50

27

M

2

20 g

3h

C59

20

M

2

20 g

bolus

H2-Glucose
H2-Glucose
H2-Glucose

C60

21

M

2

H2-Glucose

20 g

bolus

DW04

83

M

Heavy water

5250 ml

7 weeks

DW09

47

M

Heavy water

5250 ml

7 weeks

DW10

34

M

Heavy water

5250 ml

7 weeks

DW11

29

F

Heavy water

5250 ml

7 weeks

Table 1. Participants and dosing for human deuterium-labeled glucose and heavy water studies

Total volume of heavy water is shown as ml of 70% 2H2O; dosing was 50ml three-times daily for one
week, then twice-daily for 6 weeks.
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Deuterium-labeled glucose (2H2-glucose)
Identifier
C36R
C41
C42
C46
C48
C49
C50
C59
C60

Normalization
Factor, bg/w
0.73*
0.73*
0.73*
0.73*
0.73*
0.73*
0.73*
0.73*
0.73*

Transit-time, Δ
(days)
5.91 ± 0.07
5.56 ± 0.00
5.38 ± 0.00
5.72 ± 0.00
5.29 ± 0.07
5.88 ± 0.00
6.60 ± 0.72
5.61 ± 0.00
6.24 ± 0.01

Loss rate from
blood, z (day -1)
1.03 ± 0.04
1.06 ± 0.19
0.52 ± 0.08
1.09 ± 0.05
0.72 ± 0.12
0.92 ± 0.06
1.42 ± 0.29
0.82 ± 0.00
0.98 ± 0.00

Proliferation
rate, p (day -1)
0.268
0.276
0.135
0.283
0.187
0.239
0.369
0.213
0.255

Blood half -life
(days)
0.67
0.65
1.34
0.63
0.97
0.76
0.49
0.85
0.71

5.80 ± 0.42
5.72

0.95 ± 0.29
0.98

0.247 ±0.066
0.255

0.79 ± 0.25
0.71

4.49
4.69
5.25
1.77
0.41
5.91
0.84
5.07
2.20

0.74
0.77
0.78
0.47
0.53
1.18
0.40
0.73
0.57

0.192
0.200
0.203
0.122
0.138
0.307
0.104
0.190
0.148

0.94
0.90
0.89
1.49
1.31
0.59
1.74
0.96
1.21

0.178 ±0.060
0.190

1.11 ± 0.36
0.96

Mean ± SD
Median

Heavy water (2H2O)
A
B
C
D
E
DW04
DW09
DW10
DW11

4.32
4.74
4.89
3.69
3.98
4.40
3.83
4.38
3.18

± 0.03
± 0.05
± 0.07
± 0.11
± 0.06
± 0.31
± 0.19
± 0.00
± 0.14

Mean ± SD
Median

4.16 ± 0.54
4.32

± 0.00
± 0.62
± 0.35
± 0.07
± 0.00
± 0.00
± 2.82
± 1.97
± 2.29

3.40 ± 2.09
4.49

± 0.02
± 0.09
± 0.00
± 0.04
± 0.03
± 0.09
± 0.11
± 0.00
± 0.17

0.68 ± 0.23
0.73

Table 2. Best fit parameters derived from deuterium labeling experiments
Results from deuterium-labeled glucose labeling studies (ids C36R, C41, C42, C46, C48, C50, C59 and
C60) and heavy water labeling studies (A, B, C, D, E, DW04, DW09, DW10 and DW11) are shown.
Normalization factors are

bg

and

bw

for glucose and water respectively: * denotes a fixed value.

Transit-time, Δ is the time from the last mitosis in marrow until cell egression to blood; z is the loss
rate of blood neutrophils. Parameter estimates are shown with their standard error estimated from
the asymptotic covariance matrix; mean values are shown with their standard deviation. The
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proliferation rate of mitotic neutrophils, p, is not a free parameter; it is calculated from the other
model parameters p=z.R. Half-life is calculated from the loss rate z as ln2/z.

Heavy water (2H2O)
Identifier
A
B
C
D
E
DW04
DW09
DW10
DW11
Mean ± SD
Median

Normalization
Factor bw
4.30 ± 0.03
4.72 ± 0.02
4.88 ± 0.07
3.59 ± 0.12
3.89 ± 0.04
4.40 ± 0.15
3.65 ± 0.20
4.37 ± 0.25
3.14 ± 0.14

Transit-time,
Δ (days)
5.7*
5.7*
5.7*
5.7*
5.7*
5.7*
5.7*
5.7*
5.7*

4.10 ± 0.57
4.30

Loss rate from
blood, z (day -1)
0.93 ± 0.00
0.96 ± 0.01
0.84 ± 0.00
0.84 ± 0.00
1.34 ± 0.16
1.13 ± 0.24
0.68 ± 0.00
0.80 ± 0.19
0.92 ± 0.19

Proliferation
rate, p (day -1)
0.242
0.250
0.218
0.218
0.348
0.294
0.177
0.208
0.239

Blood half -life
(days)
0.75
0.72
0.82
0.82
0.52
0.62
1.01
0.87
0.75

0.94 ± 0.19
0.92

0.244 ± 0.051
0.239

0.77 ± 0.14
0.75

Table 3. Revised parameter estimates for water datasets after fixing the transit time
Parameters as in Table 2. * denotes the fixed value of transit-time, Δ, in this model.
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Figure Legends
Figure 1. Physiology of granulocyte turnover translated to a model
We consider mitotic neutrophil precursors as a single pool Np (“proliferating neutrophils”). The Np
pool consists mainly of myelocytes, promyelocytes and myeloblast, but also contains earlier
precursors. Cells in the Np population proliferate at a mean rate p. After the last mitosis, cells enter
the post-mitotic maturation/transit pool at a rate q. Transit neutrophils remain in the post-mitotic
pool for a period of 4-6 days,5,16,49 referred to as the transit-time (Δ), before egressing from bone
marrow into the blood pool. Most egressing cells are segmented neutrophils, but some cells leave as
band neutrophils. In the blood, neutrophils exist in a freely circulating pool and a marginal pool (cells
retained in proximity to the endothelium). Since the circulating and marginal pool are considered to
be in rapid dynamic equilibrium,7,8 we consider them as a single kinetically-homogeneous pool
Blood neutrophils are lost from the circulation at a rate

z

.

NB

primarily to the bone marrow, liver and

spleen.50-52 This loss is generally considered to be a random, irreversible process.5,8,49,53,54

Figure 2. Best model fits to neutrophil DNA enrichment data in subjects labeled with deuteriumlabeled glucose
Subjects were labeled with deuterium-labeled glucose (6,6-2H2-glucose) for 10 hours (C36R, C41), 4
hours (C42), 3 hours (C46, C48, C49 and C50), or as a single oral dose (C59 and C60). Dots represent
measured fractional enrichment of deoxyadenosine in blood neutrophil DNA; lines represent best
fits of the model (equations 3a and 3b) to the data.

Figure 3. Best model fits to neutrophil DNA enrichment data in subjects labeled with heavy water
Subjects were labeled with heavy water (2H2O) for 9 weeks (individuals A, B, C, D, E from 15) or 7
weeks (DW04, DW09, DW10 and DW11 – new data). Dots represent measured fractional enrichment
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of deoxyadenosine in blood neutrophil DNA; lines represent best fits of the model (equations 3a and
3b) to the data.

23

From www.bloodjournal.org by guest on June 25, 2019. For personal use only.

Acknowledgements, Authorship Contributions and Disclosure of
Conflicts of Interest
Acknowledgements

:

The research leading to these results has received funding from the European Union Seventh
Framework Programme (FP7/2007-2013) under grant agreement 317040 (QuanTI). B.A. is a
Wellcome Trust Investigator (103865) and is funded by the Medical Research Council UK (J007439
and G1001052), the European Union Seventh Framework Programme (FP7/2007–2013) under grant
agreement 317040 (QuanTI) and Leukemia and Lymphoma Research (15012). J.L.B. is funded by the
European Union Seventh Framework Programme (FP7/2007–2013) under grant agreement 317040
(QuanTI). DCM received funding from the Medical Research Council UK (G1001052).

The Imperial College High Performance Computing Service:
(http://www.imperial.ac.uk/ict/services/teachingandresearchservices/highperformancecom
puting) was used for this work.

Authorship Contributions:
Designed research: DM, BA, ME, JLB, CN
Performed research: JLB, ME, RA, AS, YZ
Collected data: RA, AS, YZ
Analyzed and interpreted data: DM, BA, JLB, ME
Wrote the manuscript: BA, DM, JLB, ME, CN, MB

Conflicts of Interest:
None

24

From www.bloodjournal.org by guest on June 25, 2019. For personal use only.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

17.
18.
19.
20.
21.

Cronkite EP, Fliedner T. Granulocytopoiesis. New England Journal of Medicine.
1964;270(25):1347-1352.
Terstappen L, Safford M, Loken MR. Flow cytometric analysis of human bone marrow. III.
Neutrophil maturation. Leukemia. 1990;4(9):657-663.
Lund-Johansen F, Terstappen L. Differential surface expression of cell adhesion molecules
during granulocyte maturation. Journal of leukocyte biology. 1993;54(1):47-55.
Tak T, Tesselaar K, Pillay J, Borghans JA, Koenderman L. What's your age again?
Determination of human neutrophil half-lives revisited. Journal of leukocyte biology.
2013;94(4):595-601.
Dancey J, Deubelbeiss KA, Harker LA, Finch CA. Neutrophil kinetics in man. Journal of Clinical
Investigation. 1976;58(3):705.
Borregaard N. Neutrophils, from marrow to microbes. Immunity. 2010;33(5):657-670.
Athens J, Haab O, Raab S, et al. Leukokinetic studies. IV. The total blood, circulating and
marginal granulocyte pools and the granulocyte turnover rate in normal subjects. Journal of
Clinical Investigation. 1961;40(6):989.
Cartwright G, Athens J, Wintrobe M. Analytical review: The kinetics of granulopoiesis in
normal man. Blood. 1964;24(6):780-803.
Peters A, Roddie M, Danpure H, et al. 99Tcm-HMPAO labelled leucocytes: comparison with
111In-tropolonate labelled granulocytes. Nuclear medicine communications. 1988;9(6):449464.
Pillay J, den Braber I, Vrisekoop N, et al. In vivo labeling with 2H2O reveals a human
neutrophil lifespan of 5.4 days. Blood. 2010;116(4):625-627.
Li KW, Turner SM, Emson CL, Hellerstein MK, Dale DC. Deuterium and neutrophil kinetics.
Blood. 2011;117(22):6052-6053.
Pillay J, den Braber I, Vrisekoop N, et al. Response: The in vivo half-life of human neutrophils.
Blood. 2011;117(22):6053-6054.
Macallan DC, Asquith B, Zhang Y, et al. Measurement of proliferation and disappearance of
rapid turnover cell populations in human studies using deuterium-labeled glucose. Nature
protocols. 2009;4(9):1313-1327.
Busch R, Neese RA, Awada M, Hayes GM, Hellerstein MK. Measurement of cell proliferation
by heavy water labeling. Nature protocols. 2007;2(12):3045-3057.
Vrisekoop N, den Braber I, de Boer AB, et al. Sparse production but preferential
incorporation of recently produced naive T cells in the human peripheral pool. Proceedings
of the National Academy of Sciences. 2008;105(16):6115-6120.
Macallan DC, Fullerton CA, Neese RA, Haddock K, Park SS, Hellerstein MK. Measurement of
cell proliferation by labeling of DNA with stable isotope-labeled glucose: studies in vitro, in
animals, and in humans. Proceedings of the National Academy of Sciences. 1998;95(2):708713.
Neese R, Misell L, Turner Sa, et al. Measurement in vivo of proliferation rates of slow
turnover cells by 2H2O labeling of the deoxyribose moiety of DNA. Proceedings of the
National Academy of Sciences. 2002;99(24):15345-15350.
Price WL. A controlled random search procedure for global optimisation. The Computer
Journal. 1977;20(4):367-370.
Soetaert K, Petzoldt T. Inverse modelling, sensitivity and monte carlo analysis in R using
package FME. Journal of Statistical Software. 2010;33.
R Core Team. R: A language and environment for statistical computing . Vienna2013.
Asquith B, Borghans JA, eds. Modelling lymphocyte dynamics in vivo: Springer; 2011.
Mathematical Models and Immune Cell Biology.

25

From www.bloodjournal.org by guest on June 25, 2019. For personal use only.

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.

Hsieh MM, Everhart JE, Byrd-Holt DD, Tisdale JF, Rodgers GP. Prevalence of neutropenia in
the US population: age, sex, smoking status, and ethnic differences. Annals of internal
medicine. 2007;146(7):486-492.
ICRP. Basic Anatomical and Physiological Data for Use in Radiological Protection Reference
Values. ICRP Publication 89. Ann. ICRP 32 (3-4). 2002.
John Milton Mishler I, Sharp AA. Adrenaline: Further discussion of its role in the mobilization
of neutrophils. Scandinavian journal of haematology. 1976;17(1):78-80.
Davis JM, Albert JD, Tracy KJ, et al. Increased neutrophil mobilization and decreased
chemotaxis during cortisol and epinephrine infusions. Journal of Trauma and Acute Care
Surgery. 1991;31(6):725-732.
Chatta GS, Price TH, Stratton JR, Dale DC. Aging and marrow neutrophil reserves. Journal of
the American Geriatrics Society. 1994;42(1):77-81.
Busch K, Klapproth K, Barile M, et al. Fundamental properties of unperturbed
haematopoiesis from stem cells in vivo. Nature. 2015;518(7540):542-546.
ICRP. Basic Anatomical & Physiological Data for use in Radiological Protection - The Skeleton.
ICRP Publication 70. Ann. ICRP 25 (2). 1995.
Elghetany MT, Ge Y, Patel J, Martinez J, Uhrova H. Flow cytometric study of neutrophilic
granulopoiesis in normal bone marrow using an expanded panel of antibodies: correlation
with morphologic assessments. Journal of clinical laboratory analysis. 2004;18(1):36-41.
Boggs D. The total marrow mass of the mouse: a simplified method of measurement.
American journal of hematology. 1984;16(3):277-286.
Lambert J-F, Carlson J, Colvin G, Quesenberry P. Evaluation of mouse whole body bone
marrow cellularity and distribution of hematopoietic progenitors. Experimental Hematology.
2000;28(12):1493.
Colvin G, Lambert J, Abedi M, et al. Murine marrow cellularity and the concept of stem cell
competition: geographic and quantitative determinants in stem cell biology. Leukemia.
2004;18(3):575-583.
Osgood EE. Number and distribution of human hemic cells. Blood. 1954;9(12):1141-1154.
Patt HM. A consideration of myeloid-erythroid balance in man. Blood. 1957;12(9):777-787.
Donohue DM, Gabrio BW, Finch CA. Quantitative measurement of hematopoietic cells of the
marrow. Journal of Clinical Investigation. 1958;37(11):1564.
Harrison W. The total cellularity of the bone marrow in man. Journal of clinical pathology.
1962;15(3):254-259.
Pegg D. A quantitative study of bone marrow grafting: Implications for human bone marrow
infusion. British journal of cancer. 1962;16(3):400.
Price T, Chatta G, Dale D. Effect of recombinant granulocyte colony-stimulating factor on
neutrophil kinetics in normal young and elderly humans. Blood. 1996;88(1):335-340.
Friberg LE, Henningsson A, Maas H, Nguyen L, Karlsson MO. Model of chemotherapyinduced myelosuppression with parameter consistency across drugs. Journal of clinical
oncology. 2002;20(24):4713-4721.
Painter RB, Drew RM, Hughes WL. Inhibition of HeLa growth by intranuclear tritium. Science
See Saiensu. 1958;127.
Yanokura KT, K. Yamamoto, H. Teraoka, M. Cell death and cell-cycle arrest induced by
incorporation of [3 H] thymidine into human haemopoietic cell lines. International journal of
radiation biology. 2000;76(3):295-303.
Hu VW, Black GE, Torres-Duarte A, Abramson FP. 3H-thymidine is a defective tool with which
to measure rates of DNA synthesis. The FASEB Journal. 2002;16(11):1456-1457.
Ehmann U, Williams J, Nagle W, Brown J, Belli J, Lett J. Perturbations in cell cycle progression
from radioactive DNA precursors. Nature. 1975;258(5536):633-636.
Rocha B, Penit C, Baron C, Vasseur F, Dautigny N, Freitas AA. Accumulation of
bromodeoxyuridine-labeled cells in central and peripheral lymphoid organs: minimal
26

From www.bloodjournal.org by guest on June 25, 2019. For personal use only.

45.
46.
47.
48.

49.
50.
51.
52.
53.
54.

estimates of prodution and turnover rates of mature lymphocytes. European journal of
immunology. 1990;20(8):1697-1708.
Friberg LE, Karlsson MO. Mechanistic models for myelosuppression. Investigational new
drugs. May 2003;21(2):183-194.
Quartino AL, Friberg LE, Karlsson MO. A simultaneous analysis of the time-course of
leukocytes and neutrophils following docetaxel administration using a semi-mechanistic
myelosuppression model. Investigational new drugs. Apr 2012;30(2):833-845.
Jilma B, Hergovich N, Stohlawetz P, Eichler HG, Bauer P, Wagner O. Circadian variation of
granulocyte colony stimulating factor levels in man. British journal of haematology.
1999;106(2):368-370.
Akbulut H, Icli F, Büyükcelik A, Akbulut KG, Demirci S. The role of
granulocyte-macrophage-colony stimulating factor, cortisol, and melatonin in the regulation
of the circadian rhythms of peripheral blood cells in healthy volunteers and patients with
breast cancer. Journal of pineal research. 1999;26(1):1-8.
Fliedner T, Cronkite E, Killmann S, Bond V. Granulocytopoiesis. II. Emergence and pattern of
labeling of neutrophilic granulocytes in humans. Blood. 1964;24(6):683-700.
Saverymuttu S, Peters A, Keshavarzian A, Reavy H, Lavender J. The kinetics of 111indium
distribution following injection of 111indium labelled autologous granulocytes in man.
British journal of haematology. 1985;61(4):675-685.
Suratt BT, Young SK, Lieber J, Nick JA, Henson PM, Worthen GS. Neutrophil maturation and
activation determine anatomic site of clearance from circulation. American Journal of
Physiology-Lung Cellular and Molecular Physiology. 2001;281(4):L913-L921.
Furze RC, Rankin SM. The role of the bone marrow in neutrophil clearance under
homeostatic conditions in the mouse. The FASEB Journal. 2008;22(9):3111-3119.
Galbraith PR, Valberg LS, Brown M. Patterns of granulocyte kinetics in health, infection and
in carcinoma.
Rankin SM. The bone marrow: a site of neutrophil clearance. Journal of leukocyte biology.
2010;88(2):241-251.

27

Figure 1

Figure 2

Figure 3

From www.bloodjournal.org by guest on June 25, 2019. For personal use only.

Prepublished online May 2, 2016;
doi:10.1182/blood-2016-03-700336

Human neutrophil kinetics: modeling of stable isotope labeling data
supports short blood neutrophil half-lives
Julio Lahoz-Beneytez, Marjet Elemans, Yan Zhang, Raya Ahmed, Arafa Salam, Michael Block, Christoph
Niederalt, Becca Asquith and Derek Macallan

Information about reproducing this article in parts or in its entirety may be found online at:
http://www.bloodjournal.org/site/misc/rights.xhtml#repub_requests
Information about ordering reprints may be found online at:
http://www.bloodjournal.org/site/misc/rights.xhtml#reprints
Information about subscriptions and ASH membership may be found online at:
http://www.bloodjournal.org/site/subscriptions/index.xhtml

Advance online articles have been peer reviewed and accepted for publication but have not yet
appeared in the paper journal (edited, typeset versions may be posted when available prior to
final publication). Advance online articles are citable and establish publication priority; they are
indexed by PubMed from initial publication. Citations to Advance online articles must include
digital object identifier (DOIs) and date of initial publication.

Blood (print ISSN 0006-4971, online ISSN 1528-0020), is published weekly by the American Society of
Hematology, 2021 L St, NW, Suite 900, Washington DC 20036.
Copyright 2011 by The American Society of Hematology; all rights reserved.

