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Real and artefactual erythrocyte swelling in hyperglycaemia 
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Summary. The mean erythrocyte volume of ~ patients with 
acute diabetic decompensation was determined by Coulter 
measurement and found to be elevated above normal (mean 
increase 5.5 Ix3). Experiments in vitro revealed this to be an 
artefact associated with Coulter determination. A more reli- 
able estimate of in vivo erythrocyte volume can be obtained 
from centrifugated haematocrit and erythrocyte count. With 
this method, true erythrocyte swelling parallel to glucose con- 
centration was observed when erythrocytes were exposed to 
isotonic glucose-NaC1 solutions. This volume increase result- 
ed from decreased sodium concentration and was in the order 

of 0.5-1.0 ix 3 per mmol/1 of sodium. Glucose was osmotically 
ineffective. Similar volume changes were documented in a 
diabetic patient parallel to his daily variations of blood glu- 
cose. In severe diabetic decompensation, dehydration usually 
prevents an increase in erythrocyte volume. We conclude that 
hyperglycaemia is associated with erythrocyte swelling if total 
serum tonicity remains within the normal range. 
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Erythrocytes from patients with diabetic decompensa- 
tion have been reported to have an increased mean cor- 
puscular volume (MCV) [1-5]. However, the aetiology 
and even existence of this phenomenon remain con- 
troversial. Divergent results have been obtained, de- 
pending on whether MCV was determined by Coulter- 
type devices or was calculated from centrifugated 
haematocrit and erythrocyte count ("spun" MCV) [4, 5]. 
In our own clinical practice we have also frequently ob- 
served an elevated Coulter-MCV in decompensated 
diabetic patients, and this at times has led to investiga- 
tions for macrocytic anaemia. 

In Coulter-type devices, MCV is directly deter- 
mined after dilution of the blood sample with an isoton- 
ic solution (dilution factor 1:6250) [6]. The suspended 
erythrocytes are sucked through a calibrated capillary 
whose electrical resistance is measured. MCV is calcu- 
lated from the decrease in electrical resistance. The 
haematocrit is not measured directly in a Coulter, but 
calculated from MCV and erythrocyte count. Although 
this method should yield a highly accurate estimate of 
MCV, it exposes erythrocytes to an artificial environ- 
ment, which may produce artefacts. 

In the present paper, we have evaluated the influ- 
ence of high glucose concentrations on Coulter-MCV 
and "spun" MCV in order to assess, whether macrocy- 
tosis in hyperglycaemia exists. 

Subjects and methods 

Clinical studies 

The clinical records of all 22 patients admitted in 1982 to the Intensive 
Care Unit for diabetic decompensation were reviewed. These patients 
included 8 men, 14women, mean age 59years (range 25-83 years). 
Blood samples were taken at the following times: at the peak of hy- 
perglycaemia (0 h), at 8 + 4 h, 24 + 8 h, 48 + 12 h and after more than 
120 h (i. e, the first value recorded after 120 h). MCV was determined 
by a Coulter S-Plus (Coulter Electronics, Harpenden/Hertfordshire, 
England). The diluent used was "Isoton II" (composition: sodium 
chloride 7.93 g/l; monosodium phosphate 0A9g/1; disodium phos- 
phate 1.95 g/l; and sodium fluoride 0.3 g/1. Osmolality = 
322 mosmol/kg). 

An insulin-dependent diabetic patient (26 years, male) was moni- 
tored for 24h on his usual diet and insulin schedule. "Spun" and 
Coulter-MCV, serum sodium and glucose were determined at regular 
intervals. Blood was taken from a venous cannula. 

Studies in vitro 

Blood from healthy donors was collected in heparin (5000 IU hepar- 
in/100 ml blood). Erythrocytes were washed three times with isotonic 
NaCI (0.154 tool/l). Washed erythrocytes were suspended in an equal 
volume of one of the test solutions described below. All determina- 
tions were made within 60 min after suspension. MCV was deter- 
mined for each sample in parallel (a) by direct measurement in a 
Coulter S-Plus counter (Coulter-MCV), and Co) by dividing the haem- 
atocrit (determined by centrifugation for 5 min at 10,000 g) by the 
erythrocyte count as determined by Coulter S-Plus ("spun" MCV). 
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Osmolalities were determined by freezing point depression prior to 
mixing on a ~t Osmette, model 5004 (Precision Systems Inc., Sudbury, 
Mass., USA). 

The following experiments were performed: 

Variation o f  glucose concentration under isotonic 
conditions 

Erythrocytes were incubated in isotonic NaCl-glucose solutions pre- 
pared by mixing glucose and NaCI solutions of 280 mosmol/kg in 
proportions of 0:100, 5:95, 10:90, 20: 80, 40:60 and 100:0. Glucose 
concentration in the suspensions was determined directly and sodium 
concentration was computed from [Na +] = (280-[glucose])/2. Parallel 
determinations were made with blood from two donors. 

Variation of  osmolality alone 

Erythrocytes from one donor were incubated in NaC1 solutions of 140 
to 1120 mosmol/kg. 

Variation of  Na + concentration with 
and without glucose 

Erythrocytes from one donor were incubated with solutions contain- 
ing NaC1 alone or in combination with glucose. Concentrations are 
listed in Table 2. 

Incubation with permeant and impermeant carbohydrates 

Erythrocytes from various donors were exposed to solutions contain- 
ing Tris (100 mmol/1) and 200 mmol/1 of one of the following com- 
pounds: glucose, desoxyglncose, mannose, ribose, dulcitol, mannitol 
or ribitol. Solutions of Tris (100 mmol/1) plus NaC1 (100 mmol/1) 
served as control. Only Coulter-MCV was determined. 

Results 

Coulter-MCV, blood glucose levels and blood pH from 
the 22 decompensated diabetic patients are shown in 
Table 1. Coulter-MCV decreased significantly from 0 to 
8 h after commencement of treatment, then becoming 
stable within the normal range. Coulter-MCV correlat- 
ed significantly with blood glucose levels (r=0.54, 
n = 83, p < 0.0001), but not with pH. 

The subsequent in vitro studies investigated the in- 
fluence of glucose concentration on erythrocyte vol- 
ume. Figure 1 shows "spun" MCV (top) and Coulter- 
MCV (bottom) at different glucose concentrations with 
an overall osmolality of 280 mosmol/kg. "Spun" MCV 
increased linearly with glucose, the linear regression be- 
ing highly significant (r = 0.99, n = 12, p < 0.0005, analy- 
sis of variance compatible with linearity). Regression of 
"spun" MCV vs. [Na +] yielded a slope of - 0.9 ~t 3 per 
mmol/ l  of sodium. In contrast, Coulter-MCV showed a 
curvilinear characteristic, and data were satisfactorily 
fitted by parabolic regression (r=0.99, n=12,  p <  
0.0005, ANOVA not compatible with linearity, but com- 
patible with parabolic regression). 

Omission of glucose from the NaCl-glucose mixture 
(i. e. use of a corresponding hypotonic solution) gave 
similar results (Table 2). "Spun" MCV was inversely re- 
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Table 1. Coulter-MCV, glucose and pH in the 22 decompensated dia- 
betic patients studied 

Hours after admission 

0 8 24 48 over 120 

MCV(~ 3) 97.1_+1.5 93.6_+1.6 92.2+1.3 91.6_+1.2 91.6___1.3 
(n =22) (n=13) (n=14) (n=18) (n =16) 

Blood glucose 
(retool/l) 43.6+3.6 19.9+2.7 16.6+1.2 15.3-+0.9 12.8+1.0 

(n = 22) (n = 21) (n = 21) (n = 20) (n = 20) 

pH 7.20-+0.05 7.32_+0.02 7.35_+0.03 7.38+0.03 
(n = 19) (n =19) (n =10) (n=6)  

Data are given as mean+ SEM 

Table 2. Effect of NaC1 and glucose on erythrocyte volume 

Osmolality in solution "Spun" MCV 
(mosmol/kg H20) (g3) 

NaC1 Glucose Without With added 
glucose glucose 

280 90.1 
266 14 96.3 94.4 
224 56 99.2 101.2 
168 112 110.1 111.8 
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Fig. 1. Effect of glucose concentration on mean corpuscular volume 
of erythrocytes incubated in isotonic NaCl-glucose solutions. Glucose 
was measured after a 15-rain incubation 

lated to the concentration of NaC1 and was not influ- 
enced by the presence of glucose (Table 2). Variation of 
NaC1 concentration over a wider range caused the well 
known reciprocal changes in erythrocyte volume (Fig. 2, 
"spun" MCV), but strikingly, Coulter-MCV was not in- 
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Fig. 2. Effect of osmolality on mean corpuscular volume of erythro- 
cytes incubated in NaC1 solutions. Solid line: "Spun" MCV; broken 
line: Coulter-MCV. Osmolalities were determined in the solutions pri- 
or to incubation 
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Fig. 3. Fluctuation of "spun" MCV, serum sodium, and blood glu- 
cose in an insulin-dependent diabetic patient 

fluenced by hypo- or hyperosmolality (Fig. 2, Coulter- 
MCV). Only at the normal plasma osmolality of 
280 mosmol/kg were the values for "spun" and Coul- 
ter-determined MCV approximately identical. 

Other permeant carbohydrates (desoxyglucose, 
mannose and ribose) caused the same marked increase 
in Coulter-MCV (>a0tx  3) already observed with glu- 
cose, whereas incubation with the corresponding poorly 
permeant polyols (dulcitol, mannitol and ribitol) failed 
to elevate Coulter-MCV. 
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Figure 3 documents the reciprocal changes of serum 
sodium concentration and "spun" MCV in a diabetic 
patient. Regression of "spun" MCV vs. serum sodium 
concentration gave a slope of - 0.6 Ix 3 per mmol/1 of so- 
dium concentration. 

Discussion 

Our clinical data show that Coulter-MCV is increased 
in patients with acute diabetic decompensation and 
normalizes as normoglycaemia is attained. Our in-vitro 
experiments, however, show that high glucose concen- 
tration per se increases Coulter-MCV, but not "spun" 
MCV (Fig. 1, Table 2). On the other hand, low NaC1 
concentration increases "spun" MCV, but not Coulter- 
MCV (Fig. 2). 

The latter finding is explained by the dilution of 
erythrocytes in the Coulter counter. At the moment  of 
"sizing", erythrocytes are equilibrated with the diluent. 
Due to the high dilution factor (1:6250), Coulter-MCV 
is entirely independent of serum osmolality, it rather 
yields a value "normalized" to the osmolality of Iso- 
ton II (322 mosmol/kg).  

On the other hand, the increase in Coulter-MCV ob- 
served at higher glucose concentrations (Fig. 1) can not 
be due to altered erythrocyte metabolism, as desoxyglu- 
cose caused the same effect. Permeability through the 
erythrocyte membrane obviously is a prerequisite for 
the effect as nonpermeant polyols such as dulcitol, 
mannitol and ribitol did not elicit it, while mannose and 
ribose did. 

Erythrocytes loaded with high concentrations of 
glucose and exposed to almost glucose-free electrolyte 
solutions lose their glucose charge with a half-life of ap- 
proximately 8 s [7]. The time from dilution to sizing is 
10 s in a Coulter S-Plus [8]. Thus, any residual intracel- 
lular glucose will cause osmotic cell swelling and, there- 
by, an elevation of measured MCV. The curvilinear rela- 
tionship of MCV and glucose concentration (Fig. 1) is 
readily explained in this way. The longer equilibration 
time of 35 s in a Coulter-S [8] would tend to diminish 
this artefact. Indeed, Strauchen et al. [4] found much 
less cell swelling with a Coulter-S at the same glucose 
concentrations than we did with our Coulter S-Plus. 
Strong evidence supporting the proposed mechanism 
was supplied by Holt [9], who showed that the elevated 
Coulter-MCV in hyperglycemia became normal by 
adding appropriate amounts of glucose to the diluent. 
He suggested pre-dilution of hyperglycemic blood sam- 
ples with Isoton for 5 min to eliminate the artefact. 

"Spun" MCV, in contrast, which is determined from 
"spun" haematocrit and erythrocyte count, rises linearly 
with glucose concentration in NaCl-glucose solutions 
of isotonic osmolality. At every NaCI concentration, hy- 
potonic NaC1 solutions induce the same degree of 
erythrocyte swelling irrespective of the presence or ab- 
sence of glucose: the carrier-mediated transport of glu- 



338 

cose across the erythrocyte membrane is so rapid [10], 
that the glucose gradient disappears whithin less than 
1 min. Hence, for practical purposes glucose exerts no 
osmotic effect across the erythrocyte membrane, and it 
is the NaCI concentration rather than the sum of the 
NaC1 and glucose concentrations, that determines 
erythrocyte volume. 

In vivo, hyponatremia in the presence of hypergly- 
caemia is well-recognized [11, 12]. It results from an os- 
motic intra- to extracellular water shift in response to 
hyperglycaemia. Most tissue cells are not freely perme- 
able to glucose, i. e. glucose is an osmotically "effective" 
solute to them [13]. As glucose is osmotically not "effec- 
tive" to the erythrocyte, a hyperglycaemic patient 
should have an increased erythrocyte volume in propor- 
tion to the degree of hyponatremia. The patient data in 
Figure 3 confirm that serum sodium, glucose and eryth- 
rocyte volume behave in vivo as predicted. An increase 
in erythrocyte size has already been observed in older 
work: Lorusso et al. [2] found a marked increase of 
"spun" MCV and erythrocyte diameter in poorly con- 
trolled diabetic patients. It disappeared after insulin 
therapy. Similar findings were reported by Mohr [1]. 

In severe diabetic decompensation, however, Da- 
vidson and Evan-Wong [3] have failed to find macrocy- 
tosis, as judged by "spun" MCV. Water deficiency in 
diabetic pre-coma is the most probable explanation: 
with clouding of consciousness, patients fail to drink 
adequately to replace their fluid losses. As a conse- 
quence, there is an increase in serum osmolality and so- 
dium. Even if serum sodium does not completely return 
to normal values, there is usually an accumulation of 
"unidentified solutes" within total osmolality [13], most- 
ly ketone bodies, to which erythrocytes are largely im- 
permeable. This leads to a reversal of erythrocyte swell- 
ing. 

In conclusion, macrocytosis exists in non-comatose 
patients with hyperglycaemia and merely reflects hy- 
ponatremia. The elevation of Coulter-MCV in the pres- 
ence of marked hyperglycaemia is an artifact. It can, 
nevertheless, be a useful indicator to the clinician, 
pointing either to hyperglycaemia or to contamination 
of a blood sample with glucose from an intravenous in- 
fusion. Awareness of this artefact, furthermore, could 
help to avoid unwarranted investigations for presumed 
macrocytic anemia. 

A reduced erythrocyte deformability has been ob- 
served in diabetes mellitus and assumed to play a role in 
the development of diabetic microangiopathy [14-17]. 
Deformability was determined by filtration through 
standard size pores [18] in most of these studies. An ele- 
vated erythrocyte volume would be expected to affect 
filtrability. Hence, the influence of macrocytosis on 
erythrocyte deformability should be evaluated in the 
light of our findings. 
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