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J. Appl. Physiol. 78(4): 1388-1395, 1995.-We have devel- 
oped a technique for measuring the pulmonary granulocyte 
pool (PGP) as a fraction of the whole body total blood granu- 
locyte pool (TBGP). The technique “captures” a dose of 
““Tc-labeled granulocytes in a region of interest (ROD over 
the lung during first pass by integrating an input time-activ- 
ity curve from an ROI over the pulmonary artery, superior 
vena cava, or right ventricle. The ratio of the estimated first- 
pass count rate and the count rate in the same lung ROI 
after equilibration of the cells between the circulating and 
pulmonary pools (E-30 min) represents the PGP/TBGP. 
The technique was validated in eight subjects by using 
““Tc-labeled macroaggregated human serum albumin. 
With corrections for background and injected doses, the ra- 
tios of first-pass granulocyte-to-macroaggregated human se- 
rum albumin count rates given by the three input ROIs were 
close to unity [superior vena cava 0.98 t 0.079 (SD), right 
ventricle 1.01 t 0.070, and pulmonary artery 0.97 t 0.0731. 
Significant increases in PGP/TBGP were demonstrated in 
systemic inflammation. Thus, in patients with inflammatory 
bowel disease, it was 0.22 t 0.07 (n = 7) compared with 
0.08 t 0.01 (n = 5) in control subjects. It was also elevated 
in patients with systemic vasculitis (0.34 IT 0.07; n = 5), in 
transplant recipients (0.33 t 0.08; n = 5), and in patients 
with osteomyelitis (0.15 t 0.06; n = 4). We conclude that 
this is a valid technique for quantifying the PGP that is 
expanded in several conditions associated with systemic in- 
flammation. 

ggmtechnetium-labeled granulocytes; lung vascular granulo- 
cyte pool; granulocyte kinetics 

THROUGHOUT THE BODY, granulocytes are dynamically 
distributed between two pools: 1) the marginating 
granulocyte pool, which is conceptually a population of 
cells slowly rolling along endothelial surfaces or at 
least delayed in their transit through a vascular bed, 
and 2) the circulating granulocyte pool (CGP), which 
consists of cells in the axial stream of blood vessels 
passing through a vascular bed at the same speed as 
red blood cells. The two pools together make up the 
total blood granulocyte pool (TBGP). The CGP, margin- 
ated pool, and TBGP may be applied to whole body or 
regional pools. For instance, in the spleen, the margin- 
ated granulocyte pool appears to represent -90% of 
the splenic TBGP (35), which itself makes up -2O- 
30% of the whole body TBGP. Margination is also prob- 
ably high in the liver and, to a lesser extent, in the 
bone marrow. As far as the lung is concerned, the size 
of the pulmonary fraction of the whole body TBGP 
[from now on called the pulmonary granulocyte pool 
(PGP)] is controversial. We have previously suggested 
that the PGP is -10% of the whole body TBGP or 25% 

of the whole body CGP (34), but others have suggested 
that it is much higher (18). 

A major reason for an increasing interest in granulo- 
cyte traffic through the pulmonary vascular bed (25) is 
that granulocytes have been implicated in the patho- 
genesis of acute and chronic lung diseases (40), as well 
as in respiratory disorders associated with extensive 
extrapulmonary inflammation, including sepsis (47, 
48), vasculitis (21), and peritonitis (13). Increased pul- 
monary vascular trapping of granulocytes may be a 
prerequisite for later extravascular migration, which 
itself is thought to play a role in damage to lung tissue 
in a wide range of pathological conditions (18). 

To study pulmonary granulocyte kinetics, it is clearly 
necessary to have a technique for quantifying the PGP. 
This has previously been attempted in humans 1) by 
expressing mean pulmonary granulocyte transit time 
as a quotient of the red blood cell transit time (29, 
30, 34), 2) by measuring granulocyte transit time in 
absolute time units (24, 29) during first pass through 
the lung after injection, 3) as the ratio of chest to whole 
body radioactivity (4), 4) as the half-time of clearance 
of radioactivity from the lung after injection (14), and 
5) semiquantitatively as the lung-to-liver ratio on early 
images after injection (20) or as the count rate per pixel 
of lung regions of interest (ROIs) per megabecquerel of 
injected “‘In (4). All of these approaches have relative 
drawbacks: expressing granulocyte transit time as a 
quotient of red blood cell transit time requires the injec- 
tion of labeled red blood cells, the first-pass transit time 
may be influenced by the activity of in vitro manipula- 
tion [the “collection” injury (37)], and the other methods 
are semiquantitative. Furthermore, these techniques 
do not clearly separate the PGP into its circulating 
and marginating components, except in the comparison 
with red blood cell transit time where the quotient rep- 
resents the “excess” of granulocytes (i.e., the regional 
marginated granulocyte pool) in the lung over the circu- 
lating component (34). Nevertheless, the use of the 
term “margination” in the lung should not be taken to 
imply a specific mechanism of trapping, and it may 
be more appropriate to consider the regional PGP as 
representing a continuous spectrum of granulocyte 
transit times through the lung (18, 25) rather than in 
terms of two discrete components. 

In the current study, we have developed a new 
method for quantifying the PGP, without a separation 
into circulating and marginating components, using a 
technique based on the first pass of ggmTc-hexamethyl- 
propyleneamine oxime-labeled granulocytes through 
the pulmonary vascular bed. In principle, the technique 
attempts to “encapsulate” the entire dose of labeled 
cells as it transits the lungs for the first time. An im- 
portant advantage is that it does not assume that the 
first-pass transit time is identical to the times of transit 
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on subsequent passes. The later count rate at any time 
represents the PGP as a fraction of TBGP. In addition, 
by knowing the labeled granulocyte recovery at this 
time, this fraction can be converted to the fraction PGP/ 
CGP, where CGP is the whole body circulating granulo- 
cyte pool. The aim of this study was to validate this 
technique and illustrate its application in several 
diseases in which abnormalities of pulmonary vascular 
traffic have previously been suggested (11, 20). 

MATEXUALS AND METHODS 

Theory 

The aim of the theory is to quantify the PGP as fractions 
of both the whole body TBGP and the whole body CGP. The 

km 
rinciple of the technique is to “capture” the entire dose of 

Tc-labeled granulocytes in the lungs as they transit the 
lungs on first pass. The count rate (Nt) in an ROI over the 
lung at any subsequent time (t) expressed as a fraction of the 
first-pass count rate in the same ROI (N,) will be equal to 
the ratio of the PGP expressed as a fraction of the whole body 
TBGP, i.e., PGP/TBGP = N,/N1, provided that no cells are 
irretrievably lost from the TBGP and that the cells have 
equilibrated throughout the marginating pools of the body 
by time t. 

By taking a blood sample at time t, labeled granulocyte 
recovery [R(t); the fraction of labeled cells in the CGP] can 
be calculated. Provided equilibrium between the PGP and 
CGP is achieved when the lung ROI counts at time t are 
recorded, N1 multiplied by R(t) represents the cells available 
to the pulmonary vasculature, and so the count rate at time 
t in the lung ROI represents the PGP as a fraction of the 
whole body CGP, i.e., PGPKGP = (NJN,) x (l/R). These 
equations further assume that 1) all the cells are temporarily 
trapped in the lung on the first pass and 2) that the fraction 
of the pulmonary arterial blood flow delivered to the lung 
ROI is equal to the fraction of the PGP in the ROI. 

The first assumption above, that all the cells are briefly 
trapped in the lung on the first pass, was addressed by a 
technique that has previously been applied to the kidney for 
the measurement of renal blood flow and that, in the present 
study, uses the first-pass time-activity curve and a pulmo- 
nary arterial input curve derived from ROIs over the superior 
vena cava, right ventricle, or pulmonary artery as follows. 
The first-pass time-activity curves derived from ROIs over 
the superior vena cava, right ventricle, and pulmonary artery 
were corrected for recirculation and integrated. The inte- 
grated curves were then scaled to be parallel to the lung 
curve, whereupon each gives an independent estimate of the 
plateau that the lung curve would have reached if all the 
labeled granulocytes arriving in the lung were irreversibly 
trapped. This approach is similar in principle to the measure- 
ment of organ blood flow in which a scaled integrated recircu- 
lation-corrected curve obtained over the lung, left ventricle, 
or aorta is used to estimate the organ first-pass curve that 
would be obtained if an intravenously injected recirculating 
tracer had infinite transit time through the vasculature of 
the organ (31, 32). 

As with organ blood flow, the scaling factor by which the 
integrated input curve is made parallel to the lung is equal 
to the ratio of the maximum slope of the lung curve (gL) to 
the maximum slope of the integrated input curve (gA). These 
slopes were obtained by an objective computerized technique 
(Fig. 1). The gr a d ients gA and gL were estimated from a 
standard least squares fit to the upslope segments, compris- 
ing six or seven points, of the respective time-activity curves. 

The integrated input curve was then scaled by a factor equal 
to gL/gA so that the ratio of the resulting upslope gradients 
(i.e., of the integrated input curve and the lung curve) was 
equal to unity. In addition, we varied the scaling factor manu- 
ally to obtain a value that visually appears to make the two 
curves parallel (Fig. 2). We then compared the maximum 
N1 values given by the operator-independent and operator- 
dependent approaches. 

This approach was validated in a separate group of eight 
subjects by comparing the plateau of the integrated granulo- 
cyte first-pass time-activity curve with the count rate in the 
same ROI obtained after an injection of a radiopharmaceuti- 
cal that is physically 100% trapped in the lung vasculature 
and therefore has infinite pulmonary transit time, i.e., ggmT~- 
labeled macroaggregated human serum albumin (ggmTc- 
MAA). Thus ggmTc-MM was injected into the same patient 
before the labeled granulocytes, and the ratio of their respec- 
tive count rates recorded in the same lung ROI (after correc- 
tion of the signal from the cells for the preceding ggmTc-MM) 
was compared with the ratio of their respective injected doses 
(measured in vitro). 

The second assumption above, that the regional distribu- 
tions of the PGP and pulmonary blood flow are comparable, 
may not be valid if, in the upper zones for example, the re- 
gional blood flow and regional PGP were not equal fractions 
of the whole lung values. To test this assumption, we com- 
pared the count rates in profiles over the right lung from base 
to apex on the ggmTc-MAA and the 15-min ggmTc-granulocyte 
image (corrected for the preceding ggmTc-MAA injection) in 
the same eight subjects. 

Patients 

Of the eight patients given ggmTc-MM and labeled granu- 
locytes for validation of the above assumptions, two were 
referred for suspected osteomyelitis (but had negative scans); 
four had a clinical diagnosis of inflammatory bowel disease 
(IBD), two of whom had intense accumulation of granulocytes 
in the bowel; and two, suspected of IBD, had a clinical report 
unequivocally negative for active IBD. 

In 26 further patients, PGP was measured as a fraction of 
TBGP. These included five patients who were referred from 
the Department of Surgery (Orthopedics) for suspected osteo- 
myelitis with a painful hip prosthesis or knee prosthesis. 
None gave a history of pyrexia during the month preceding 
referral. At the time of the study, each remained apyrexial 
and had a C-reactive protein level ~8.5 mg/l, a white blood 
cell count <9.1 x 1012 cells/l with neutrophils <6.8 x 1012 
cells/l, an erythrocyte sedimentation rate in the normal West- 
ergren age-related range, and a negative granulocyte scan. 
The affected joint was considered noninfected on clinical fol- 
low-up of up to 4 mo. We therefore considered these five pa- 
tients as showing no evidence of systemic inflammatory dis- 
ease and used them as control subjects. Seven patients were 
referred with IBD (four with ulcerative colitis and three with 
Crohn’s disease). AI1 of them had abnormal ggmTc-granulocyte 
scans, indicative of active disease. Five other patients had 
systemic vasculitis: two were suspected of the enteric form 
of graft vs. host disease after bone marrow transplantation, 
two were referred with pyrexia of unknown origin after renal 
transplantation, and one with pyrexia of unknown origin 
after aortic root transplantation. Four patients had clinically 
active osteomyelitis with scintigraphic evidence of migration 
of labeled granulocytes. In all 26 patients the PGPPTBGP 
values were calculated for t = 15 min and in 10 patients (2 
with vasculitis, 2 bone marrow transplants, 2 with IBD, and 
4 with osteomyelitis) also for t = 30 min. 

In 19 of these 26 patients (4 controls, 4 with IBD, 4 with 
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FIG. 1. Principle of technique for quantifying pulmo- 
nary vascular granulocyte pool. Time-activity curve (curve 
1) recorded from input region of interest (ROI) has been 
integrated to produce curue 2. This is then scaled to be 
parallel to upslope of curve (curve 3) recorded from lung 
ROI to generate curve (curve 4) that represents curve that 
would have been obtained from lung if all injected labeled 
granulocytes had been trapped in lung on first pass. Scaling 
factor (see text for derivation) is ratio of upslope gradients 
gL and gA of curves 3 and 2, respectively. Actual lung curve 
(curve 3) decreases from initial peak as granulocytes enter 
and equilibrate within whole body marginating pools such 
that equilibrium count rate (Nt> in relation to plateau count 
rate (Ni) of curue 4 is equal to ratio of pulmonary granulo- 
cyte pool (PGP) to total body granulocyte pool (TBGP). 

0 1 Osec 20sec 30sec 1 Smin 

vasculitis, 4 with osteomyelitis, 2 bone marrow recipients, 
and 1 renal transplant recipient), the R of labeled cells was 
determined as the percentage of injected cell-associated activ- 
ity that was still circulating at a specific time (t> after injec- 
tion. In all these patients, the PGPICGP values were calcu- 
lated using R values based on blood samples at t = 15 min 
and in 10 patients also at t = 30 min. The calculation of R 
was based on total blood volume estimated from the patient’s 
weight and height (23) as R = (1 ml sample radioactivity x 
total blood volume)/injected activity. R was calculated with- 
out any further cell purification because the cells were iso- 
lated in pure form before labeling. 

Cell Labeling 

Granulocytes were isolated from 100 ml of fresh acid-ci- 
trate dextrose (formula A) anticoagulated blood by plasma- 
Percoll gradient centrifugation and labeled with ggmTc, as 
described previously (33). The mean efficiency of cell labeling 
was 54 t 12% (SD). 

Imaging and Data Analysis 

ggmTc-AIAA and ggmTc-granulocyte dual studies. A small 
dose of ggm Tc-labeled MAA (13-15 MBq) was first injected 
intravenously, and a posterior planar lung scan was acquired 
for 5 min. The ““Tc-labeled granulocytes were then injected 
as a bolus via a different butterfly cannula, and a dynamic 
first-pass study was acquired in a 64 x 64-pixel matrix at a 
sequence of 120 x l-s frames for 2 min and 30 x 30-s frames 
for up to 17 min after injection. The total amount of radioac- 
tivity injected as ggmTc-granulocytes was 157 t 19 MBq. The 
radioactivity doses of both injections were precisely deter- 
mined using a well counter before and after injection. All 
injections were made with patients in the supine position. 

ROIs were placed over the superior vena cava, right ventri- 
cle, pulmonary artery, and peripheral regions of the lung 
(right midzone) at about the level of the pulmonary artery. 
Time-activity curves were generated and calculations were 
performed by using the theory described above. 

The count rate in the lung ROIs in the ggmT~-MAA image 
was recorded. A time-activity curve was then generated in 
the same lung ROI from the ggmTc-granulocyte dynamic first- 
pass study after the background due to the previously in- 
jected Tc-MAA had been subtracted. Arterial input time-ac- 
tivity curves were generated from the ROIs over the superior 
vena cava, right ventricle, and pulmonary artery. Recircula- 

20min 

tion of the labeled cells was corrected by using a monoexpo- 
nential approximation for the descending shoulder of the 
curve, and the areas under the corrected curves were ob- 
tained by integration. The total available dose of ““Tc-la- 
beled granulocytes was calculated for the lung ROI, by the 
method described above, as the integral under the first-pass 
arterial input time-activity curve made parallel to the lung 
curve (Fig. 1) separately for the three different arterial input 
curves. 

ggmTc-MAA lung scans and ““Tc-labeled granulocyte first- 
pass studies were acquired using a conventional large field- 
of-view gamma camera (Starcam, General Electric) placed 
posteriorly to the thorax as near as possible to the patient’s 
chest and on-line to a dedicated computer (Starimager, Gen- 
eral Electric). 

The assumption that the vertical distributions of ggmTc- 
MAA and ““Tcgranulocytes are equal was tested as follows. 
Vertical profiles were drawn over the middle of the right lung 
for the ggm Tc-MAA static image and the 150min frame of the 
dynamic ggmTc-granulocyte study (corrected for the ggmTc- 
MAA background). The granulocyte profile was then divided 
by the ggmT~-MAA profile. I f  the regional blood flow and re- 
gional PGP are similar, the ratio of ggmTc-granulocyte and 
ggmTc-MAA profiles should remain constant over the lung, 
with a correlation coefficient between the ratio and distance 
to diaphragm statistically not different from zero. 

The study was approved by the Ethics Committee of the 
Hammersmith Hospital and by the Administration of Radio- 
active Substances Advisory Committee (UK). Informed writ- 
ten consent was obtained from each person referred for the 
study. 

Application to patients. The same analytical computational 
approach was adopted for the measurement of PGP in the 26 
patients described above not given ggmTc-MAA. Radioactivity 
in the injection syringe was measured before and after injec- 
tion for the calculation of R. The lung ROI was placed in the 
midzone of the right lung. Subsequent images were obtained 
at 15 min (in all 26 patients) and 30 min (in 10 patients). In 
most patients, blood samples were also taken at these times: 
in 19 patients at 15 min and in 10 patients at both times. 

RESULTS 

Validation of the First-Pass Integration Technique 

The correlation coefficient of the least squares fit, ei- 
ther to the integrated input curve or to the lung curve, 
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Scaled input 

tery ROIs, respectively. All three ROIs gave mean val- 
ues close to unity: 0.98 t 0.079 for the superior vena 
cava, 1.01 t 0.070 for the right ventricle, and 0.97 t 
0.073 for the pulmonary artery. All these arterial input 
ROI values did not differ significantly in any pair com- 
parison (P > 0.1 for all). Thus there is no evidence to 
suggest that any of these ROIs is preferable, and the 
advantage of any particular one depends on technical 
considerations and the ease of localization of the vascu- 
lar structures in a given patient. The right ventricular 
ROI was generally the easiest to visualize and was used 
to quantify the arterial input time-activity curve in the 
subsequent patient studies. 

Time, set 

Comparison of “‘“Tc-Granulocyte 
and ggnLTc-MAA Profiles 

(Scaled input) l 0.9 

O-, -y 
a d 

Lung 

i 

10 20 
Time, set 

FIG. 2. A: objective derivation of gL/gA. Scaled integrated input 
curve is compared with recorded lung curve after scaling based on 
least squares regression fits to 6 or 7 points on respective upslope 
segments. B and C: subjective derivation of gL/gA. Same comparison 
is shown except objectively scaled input curve has been changed by 
+10% (B) and - 10% (0. The 2 scaled input curves are now clearly 
not parallel to the lung curve. 

was not CO.94 (n > 6), with a mean of 0.986 t 0.012 
for gA and 0.973 t 0.015 for gL. The factor by which 
the integrated input curve was scaled was essentially 
the same for the operator-independent and visual ap- 
proaches (r = 0.98; P < 0.0002). The effect of varying 
the scaling factor by 10% is shown in Fig. 2. 

Comparison of the ratios of the doses of the radio- 
pharmaceuticals measured in vitro with the ratio of in 
vivo lung ROI count rates measured by the computer- 
ized objective method are presented in Fig. 3 for the 
sumrior vena cava, right ventricle, and pulmonary ar- 

The relationship between ‘““Tc-granulocyte and 
‘““‘Tc-MAA profiles is presented in Fig. 4. It is clear 
that the segment of the ratio curve corresponding to 
the lung is constant. A subdiaphragmatic peak, where 
an IMAA signal is absent, and a smaller “noisy” one 
above the apex, corresponding to clavicular bone mar- 
row where MAA is again absent, can be identified. In 
no patient was the correlation coefficient between the 
ggmTc-granulocyte-to- “““Tc-MAA ratio and the distance 
to diaphragm >0.004 [mean (tSD> value 0.0026 ? 
0.00181. 

PGP Expressed in Terms of TBGP 

The ggmTc-granulocyte pulmonary vascular pool was 
calculated as the ratio PGP/TBGP at 15 min (n = 26) 
and at 30 min (n = 10) after injection. The values of 
PGP/TBGP are summarized in Fig. 5. The values of 
PGP/TBGP at 15 and 30 min were very similar. At 15 
min, the mean value in patients with IBD of PGP/ 
TBGP was 0.22 t 0.07 (n = 7), almost three times 

(Tc-99m grans)/(Te99m MAA) h tivo 

(Tc-99m grans)/(Te99m MAA) in vitro 

1.2- 

1.1 - 
% 
A 
A 
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n 
n 
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A 

FIG. 3. Ratios of count rate (N,) to count rate given by a preced ing 
dose of “““‘Tc-macroaggregated albumin (M&Q after correction for 
respective injected doses given by 3 different input ROIs: superior 
vena cava (SVC), right ventricle (RV), and pulmonary artery-(PA). 
grans, Granulocytes. Horizontal lines, means. 
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higher than in the control group (0.08 t 0.01; P < 
0.005; n = 5). The mean value in patients with vasculi- 
tis was 0.34 t 0.07; n = 5), also significantly higher 
compared with the control group (P < 0.001). Patients 
with posttransplant inflammatory conditions had a 
mean PGPD’BGP of 0.33 t 0.08 (P < 0.01; n = 5) and 
patients with osteomyelitis had a mean of 0.15 t 0.06 
(P > 0.1; n = 4). 

There was no difference in PGP/TBGP between 15 
and 30 min either in patients with extensive systemic 
inflammatory conditions (PGP/TBGP = 0.33 t 0.02 at 
15 min and 0.32 t 0.02 at 30 min; P > 0.1; n = 10) or 
in patients with osteomyelitis (0.15 t 0.06 at 15 min 
and 0.14 t 0.03 at 30 min; P > 0.1; n = 4). 

PGP Expressed in Terms of CGP 

If we assume that granulocytes temporarily retained 
in the pulmonary vessels are exchanging with the pe- 
ripheral blood circulating pool, it is physiologically 
valid to quantify the PGP as a fraction of the CGP, i.e., 

0.4 
1 

l 
0 

A n 

7F 

A 
A l 

0.0’ Control IBD Vast Transp C)M 

FIG. 5. Ratio of PGP to TBGP measured 15 min after injection 
of g9”Tc-hexamethylpropyleneamine oxime-labeled granulocytes in 
control subjects, transplant recipients (transp), and patients with 
inflammatory bowel disease (IBD), systemic vasculitis (vast), and 
osteomyelitis (OM). Horizontal lines, means. 

FIG. 4. Ratio of vertical (apex to base) lung g9”Tc-granu- 
locyte and g9”Tc-MAA profile curves as a function of dis- 
tance from right lung apex. Different symbols represent 
different subjects. Horizontal bars, vertical distances of 
ROIs placed over lung in each subject. 

60 

as PGP/(TBGP x R). This measurement was performed 
in 19 patients, and the data are presented in Fig. 6. 
The mean values of PGPKGP at 15 min after injection 
were 0.24 t 0.03 for control patients (n = 4), 0.92 -+ 
0.10 for patients with IBD (n = 4; P < 0.01 compared 
with control patients), 1.12 t 0.38 for patients with 
vasculitis (n = 4; P < 0.05 compared with control pa- 
tients), 0.96 -+ 0.30 for transplant recipients (n = 3; P 
< 0.05 compared with control patients) and 0.54 t 0.20 
for patients with osteomyelitis (n = 4; P < 0.05 com- 
pared with control patients). 

Similar to PGP/TBGP, PGP expressed as a fraction 
of CGP did not differ significantly between 15 and 30 
min. In particular, PGP/CGP in patients with extensive 
inflammatory disease was 1.15 t 0.30 at 15 min and 
1.18 t 0.32 at 30 min (n = 6; P > 0.1) and in patients 
with osteomyelitis it was 0.54 t 0.20 at 15‘ min and 
0.49 t 0.13 at 30 min (n = 4; P > 0.1). 

DISCUSSION 

Quantification of PGP 
Quantification of the PGP has previously been based 

on the measurement of the half-time of the pulmonary 
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FIG. 6. Ratio of PGP to circulating granulocyte pool (CGP) mea- 
sured 15 min after injection of 99”Tc-HMPAO-labeled granulocytes 
in control subjects, transplant recipients (transp), and patients with 
IBD, vast, and OM. Horizontal lines, means. 
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disappearance of labeled cells (45) as the ratio of chest 
to whole body radioactivity using gamma camera whole 
body scans (4), as the lung-to-liver count ratio (20), and, 
more precisely, as the mean transit time through the 
pulmonary vascular bed (24, 28, 34). These techniques 
have several drawbacks. The half-time of disappear- 
ance (45) is physiologically indefinable and will, to 
some extent, depend on the disappearance rate of la- 
beled granulocytes from the blood. The first-pass tech- 
niques may be influenced by artifactual lung sequestra- 
tion of granulocytes activated or damaged during the 
labeling procedure. The technique originally described 
by MacNee et al. (24) and Muir et al. (29), involving 
the integration of the lung curve instead of the input 
curve, was difficult to justify theoretically and has re- 
cently been modified on experimental grounds (19), al- 
though the new technique, which defines granulocyte 
retention from the respective peaks of the left ventricu- 
lar time-activity curves recorded after separate injec- 
tion of labeled red blood cells and granulocytes, is also 
theoretically doubtful because of the different pulmo- 
nary transit times of the two cells and the resulting 
different shapes of the two curves. The expression of 
PGP as a quotient of the transit times of granulocytes 
and red blood cells is appealing because it separates 
the pulmonary marginating pool from the pulmonary 
circulating pool (combined in the current technique as 
the PGP), but the method requires the use of a separate 
red blood cell label. 

All of these methods, including the current one but 
not including the first-pass technique of MacNee et al. 
(24), are subject to errors resulting from bone marrow 
accumulation of activity in the bone marrow of the 
chest wall. The bone marrow marginates granulocytes 
and is therefore visible even on early labeled granulo- 
cyte scans. It is more prominent on late scans (2, 36) 
as a result of the destruction of labeled cells (26). Thus, 
overlapping bone marrow in ribs could be a potential 
source of error in pulmonary granulocyte kinetic quan- 
tification with respect to dynamic studies as well as 
delayed (i.e., 24 h) static imaging. In addition, there 
may be different gravity-dependent variations of pul- 
monary blood flow and granulocyte mean transit time 
(24). To minimize this effect, we placed the lung ROI 
at the midthoracic level, the same level as the arterial 
input ROI. Nevertheless, the vertical distributions of 
regional PGP and regional blood flow were shown in 
our study to be very similar in patients without evi- 
dence of local lung inflammation. 

The numerical approach applied here for the estima- 
tion of the lung curve that would be obtained if all the 
injected granulocytes were trapped has been used for 
quantitative ““Tc-diethylenetriamine pentaacetic acid 
studies of kidney perfusion and function (3 1, 32). The 
three different ROIs gave equivalent integrated arte- 
rial input data. The 10% statistical error could be 
caused by factors such as the superimposition of overly- 
ing pulmonary tissue and the difficulty of drawing an 
ROI over the pulmonary artery separately from adja- 
cent heart chambers and pulmonary tissue. Bolus in- 
jection technique and bolus volumes may be another 
factor (3). We iniected a small-volume bolus (<2 ml) 

and then rapidly flushed with 20 ml of saline, a tech- 
nique that is commonly approved as the best for bolus 
injection. 

The measurement of PGP/TBGP assumes that the 
labeled cells have equilibrated throughout their mar- 
ginating pools by the time the count rate in the lung 
ROI is determined for comparison with the first-pass 
count rate. Although 15 min may, in theory, be too early 
for equilibration, there was no significant difference 
between the values of PGPffBGP based on lung counts 
at 15 and 30 min, respectively. 

PGP in Disease 

There is a significant difference between PGP values 
obtained in control individuals and patients with differ- 
ent systemic inflammatory diseases. It is known from 
microscopic measurements that the cross-sectional di- 
ameter of pulmonary capillaries is significantly smaller 
than those of granulocytes (38), and therefore the gran- 
ulocyte has to undergo distortion while passing through 
the lung capillary network (5). Under such conditions, 
the shape change properties, particularly mechanical 
stiffness, are important determinants of capillary gran- 
ulocyte passage velocity, as demonstrated in vitro (1) 
and in vivo (6, 17). Mechanical stiffness of the granulo- 
cyte membrane itself depends on a number of Ca2’- 
mediated cellular mechanisms, especially the actions of 
C5a and N-formylmethionyl-leucyl-phenylalanine (28, 
39,49) as well as interleukins-1 and -2 (8,9). Increased 
granulocyte activation, mediated through all these 
pathophysiological mechanisms, has been shown in pa- 
tients with active IBD by using microscopic shape 
change methods (27). An activated granulocyte demon- 
strates an increased stiffness and delayed speed of pas- 
sage through the glass microcapillary (1, 7) as the in- 
creased activation directly relates to mechanical stiff- 
ness of the cell (9, 10). Our data can most easily be 
explained as the in vivo expression of the same patho- 
physiological processes because the pulmonary capil- 
laries have roughly the same space relationships to 
granulocytes as in the in vitro experiments mentioned 
above (18). 

Another pathophysiological mechanism likely to pro- 
mote an increase in the pulmonary vascular pool of 
labeled granulocytes is the activation of the lung vascu- 
lar endothelium that results in enhanced adhesiveness 
of the endothelium to circulating cells (15). This has 
been described, particularly in systemic (42) and ab- 
dominal (14) inflammation, due to expression of endo- 
thelial adhesion molecules on the pulmonary endothe- 
lial cell surface in response to cytokines generated lo- 
cally at the site of inflammation (12, 41). 

Theoretically, the cell could be activated by the label- 
ing technique itself (37). In our patients, all the labeling 
procedures were performed exclusively in plasma, 
which is generally accepted as resulting in a minimal 
degree of cell activation and damage (16). Absence of 
the typical pattern of cell kinetics described for in vitro 
activation (37), namely, immediate increased lung se- 
questration with early clearance and subsequent redis- 
tribution of cells to the liver, is a strong argument 
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against the in vitro activation of granulocytes. It should 
be appreciated that even if some level of “labeling in- 
jury” had been present during the first pass, as opposed 
to subsequent passes (30, 37), it would not affect the 
calculation of PGP because the first-pass data in this 
technique serve only to calibrate the injected dose in 
relation to the first-pass count rate in the lung ROI. 
Studies of the relationship between activation status at 
the time of injection and the PGP are now in progress. 

In conclusion, increased intravascular pooling of gran- 
ulocytes may be a prerequisite for granulocyte migra- 
tion into the lung parenchyma and subsequent lung 
damage but, by itself, is unlikely to cause damage. This 
hypothesis is in line with the experimental findings of 
Henson’s group (22,46), who demonstrated intravascu- 
lar neutrophil accumulation without evidence of extra- 
vascular migration histologically after systemic com- 
plement activation. The technique described here has 
the potential to quantify pulmonary vascular granulo- 
cyte pooling in clinical lung disease and, in conjunction 
with techniques for quantifying granulocyte migration 
(43), may help to define the respective roles of margina- 
tion and migration in causing lung damage. Such stud- 
ies using granulocytes double labeled with ggmTc (to 
measure margination) and “‘In (to measure migration) 
(44) are currently underway. 
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