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Summary. Individual blood glucose (BG) measure- 
ments at selected time points were compared with con- 
tinuously recorded BG data as criteria of the adequacy of 
diabetes regulation. Indices reflecting the adequacy of 
diabetes regulation have previously been developed from 
continuously monitored BG measurements during studies 
under standardized near-normal living conditions. These 
indices are: (1) mean amplitude of glycemie excursions 
(M2~GE), (2) diurnal mean blood glucose (MBG), (3) mean 
of daily differences of paired BG values (MODD). Be- 
cause of the intensive studies necessary to obtain these 
indices, approximations based on individual BG measure- 
ments which might easily be obtained in practice were 
sought. The BG value 80 rain after breakfast correlated 
best with the MAGE. The average of the fasting BG value 
and the value at 80 rain after breakfast correlated well 

with the MBG. These individual BG measurements dis- 
tinguished the groups of subjects. The difference between 
fasting BG values on successive days (AFBG) correlated 
well with the ]~{ODD. However, unlike MODD itself, 
AFBG did not distinguish the groups of subjects. Some 
other selected BG values with different timing were 
nearly equally highly correlated with these three criteria 
of BG behavior. Thus, relatively few but critically timed 
BG measurements on successive days, with suitable 
urinary glucose measurements, during standardized 
therapeutic programs may serve as an index of the effica- 
cy of the therapy. By these same means, the character- 
istics of the patient's diabetes might also be assessed. 

Key words: Blood glucose, continuous blood glucose 
analysis, diabetes therapy criteria, unstable diabetes. 

This report  initiates a search for practical applica- 
tions of the knoMedge acquired by  continuous blood 
glucose (BG) monitoring [1--3]. In  this article we com- 
pare individual measurements of BG with continu- 
ously recorded BG data as criteria of the adequacy of 
diabetes regulation. The individual measurements were 
selected at  t ime points found to be most  useful for 
gauging the BG variations. In  a previous report [4] we 
analyzed the relationships between amounts of urinary 
glucose and corresponding BG values determined by  a 
continuous monitoring procedure. Blood and urinary 
glucose determinations are the most  widely used 
laboratory measures of the adequacy of diabetes reg- 
ulation [5--10] despite the recognition tha t  disturb- 
ances of metabolism of carbohydrates other than  glu- 
cose, and of protein and fat  as well, are par t  of the 
biochemical derangements in diabetes mellitus. Glu- 
cose measurements are more generally available as 
well as more readily interpretable than  other measure- 
ments. 

To identify and quantify several aspects of a pa- 
t ient 's  BG regulatory stability, we have previously 
analyzed the results of our continuous BG monitorkngs 
[1] in terms of (1) the extent  of within-day BG fluctua- 
tions (the mean amplitude of BG excursions: MAGE) 
[2], (2) between-day BG variabil i ty (the mean of daily 
differences in matched BG values : MODD) [3], and (3) 
overall glycemia (the mean BG level: MBG). These 
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three indices -- MAGE, MODD, and MBG -- together 
help characterize the behavior of the blood glucose in 
that each measures something the others do not 
measure. Each of these indices also distinguishes 
among normals, stable diabetics, and unstable dia- 
betics in our small but  intensively studied samples. 
These same indices also serve as criteria of diabetes 
regulation. However, they  can be calculated only 
from continuously obtained BG data. Therefore, we 
further analyzed our data to seek simpler and more 
convenient methods for similar characterization of 
patients, utilizing intermit tent ly  obtained (discrete) 
BG values. 

Rdsumd of Recent Work Leading to This Paper 

Clinical data  concerning the subjects in this in- 
vestigation and descriptions of the experimental  
design, biochemical methods, and data-processing pro- 
cedures have been published [1, 11, 12]. The most  re- 
levant aspects of the methods and findings will be 
briefly summarized below. 

In  these studies the emphasis was on investigation 
of unstable diabetics who were compared with stable 
diabetics and normal subjects during standardized 
near-normal living conditions. Two programs of 
individually optimized therapy with insulin were used, 
while diet and exercise regimens remained unchanged. 
One program was once- or twice-daffy injection of 
intermediate-acting insulin, with or without short- 
acting insulin from the same syringe. The other program 
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was four-times-daily injection of short-acting insulin. 
The time schedule of insulin injections, meals, exer- 
cise, and sleep was consistent and precisely adhered to 
throughout the studies. The diet of all subjects pro- 
vided four major meals of equal caloric composition 
and carbohydrate, protein, and fat contents. The exer- 
cise was a standardized walk three times daily during 
the third postprandial hour. 

Each investigation culminated in a 6-day meta- 
bolic balance study after the insulin, diet, and exercise 
regimens had been individually standardized and 
optimized. For 48 h during this 6-day period, con- 
tinuous BG monitoring was performed. 

Fig. 1 shows the contrasting BG patterns of an 
unstable diabetic, a stable diabetic, and a normal sub- 
ject. The gross qualitative differences between the dia- 
betics and the normal as well as between the unstable 
and the stable diabetic are apparent. The diabetics 
lack the base-line stability and the rhythmicity de- 
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Fig. 1. Continuously sampled and analyzed blood glucose 
patterns over two successive 24 h periods in a normal 
subject (Bottom), a stable diabetic (Middle), and an 
unstable diabetic (Top). The first 24 h is plotted as a 
solid line and the second 24 h, as a broken line. The 48 h 
mean blood glucose (MBG) is shown by the horizontal line 
transeeting each panel; its numerical value is at the left. 
Mean of daily differences of paired blood glucose values 
(MODD) is shown by the hatched area (absolute difference 
between the first and second 24 h) ; its numerical value is 
below. Mean amplitude of glycemic excursions (MAGE) 
is shown by interrupted lines bracketing the MBG; its 
numerical value is at the right. Symbols: B = breakfast; 
L = lunch; SK = snack; D = dinner; Su = supper ; E = 

1 h of exercise; I = insulin 

monstrated by the normal subject. The unstable dia- 
betic has the highest, the normal has the lowest, and 
the stable diabetic has intermediate values for the 
M_AGE (the measure of the extent of BG excursions), 
the I~ODD (the measure of day-to-day BG variation), 
and the MBG (the measure of mean BG). 

Fig. 1 also illustrates the experimental conditions. 
The daily events in the morning (between breakfast 
and lunch) and in the evening (between dinner and 
supper) were similar and, accordingly, the majority of 
analyses presented below are based on BG results 
during these times. 

Conventionally utilized BG values --  fasting and 
1, 2, and 3 h after meals (breakfast and dinner) --  are 
shown in Fig. 2 as means for groups of unstable dia- 
betics, stable diabetics, and normals. The values were 
selected from the continuous BG records. There are 
differences between after-breakfast and after-dinner 
BG levels and patterns, especially among diabetics, as 
well as differences in BG levels and patterns between 
diabetics and normals. 

Fig. 2 also indicates that  the mean BG values at the 
conventionally sampled postprandial times indicate 
fairly well the magnitude and timing of the mean 
maximal BG level. Minimal BG levels, however, occur 
at quite different times. 
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Fig. 2. Mean blood glucose values for three normal sub- 
jects, four stable diabetics, and six unstable diabetics at 
various times, taken from the continuously sampled and 
analyzed blood records. The 7 a.m. value is the fasting 
blood glucose concentration; the other values are at 1, 2, 
and 3 h after breakfast and after dinner. The maximal 
and minimal blood glucose concentrations after these two 

meals are also indicated 

Methods 

Out of the large number of BG measurements 
available from the continuous monitoring data, we 
first chose to study those which were customary or had 
been used in other studies (fasting; 1, 2, and 3 h after 
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b reakfas t ;  1, 2, and  3 h af te r  dinner) .  Also, we ob- 
tMned  f rom the  cont inuous  d a t a  t he  average  t imes  of 
occurrence of var ious  da i ly  m a x i m a  and  m i n i m a  and  
used B G  measu red  a t  those  t imes.  This  led  us to  a d d  
BG measu red  a t  80 and  280 min  af te r  b reak fa s t  and  
af te r  d inner  (as the  respec t ive  a p p r o p r i a t e  t imes  of 
da i ly  m a x i m a  and  m i n i m a  in diabet ics) .  1 

F r o m  th is  set  of measu remen t s  we looked for the  
mos t  p romis ing  ones to  be  used  in  p lace  of (or as clues 
to  t he  phenomena  charac te r ized  by)  MAGE,  MBG, 
and  MODD. I n  th is  work  we chose the  s imple  p roduc t  
m o m e n t  coefficient of cor re la t ion  as an  index  of 
associat ion.  I t  is easy  to  use and  serves as a reasonable  
device for deciding whe ther  one measu remen t  was 
"c loser"  to  a cr i te r ion  t h a n  another .  W e  also examined  
these  i nd iv idua l  measu remen t s  for the i r  usefulness in  
d i s t inguish ing  among  the  groups  - -  normals ,  s tab le  
d iabet ics ,  and  uns t ab le  diabet ics .  

Results 

Por t ions  of t h e  above  corre la t ion  s tudies  gave  the  
resul ts  summar i zed  in Table  1. 

M_AGE was mos t  closely associa ted  wi th  B G  a t  80 
min  a f te r  b r eak fa s t  (r-----0.88). Also, h igh associa t ion  
was found  be tween  M A G E  and  the  difference, B G  va lue  
a t  80 minus  BG value  a t  280 rain af ter  b reakfas t ,  and  
the  fas t ing  BG. ~ 

MBG was h igh ly  assoc ia ted  wi th  mos t  of the  BG 
values  a t  the  se lected t ime  points .  W e  chose ]3G, the  
mean  of fas t ing  B G  and  B G  a t  80 min  af te r  b reakfas t ,  
for which  r = 0 . 8 9 ,  recognizing t h a t  severa l  o thers  
were n e a r l y  as h igh ly  corre la ted .  

MODD was s tud ied  in  con junc t ion  wi th  ABG, the  
d a y - t o - d a y  differences in  the  va r ious  B G  values.  The 
bes t  cor re la t ion  a p p e a r e d  to  be wi th  the  fas t ing  B G  
d a y - t o - d a y  differences (r ---- 0.89). W e  call  th is  A F B G .  

The  foregoing resul ts  are  based  on analys is  of t he  
d a t a  f rom s table  and  uns tab le  d iabe t ics  t r e a t e d  wi th  
i n t e r m e d i a t e - a c t i n g  insulin.  The  use of d a t a  f rom m~- 
s tab le  d iabe t ics  t r e a t e d  wi th  shor t -ac t ing  insul in  gave 

1 In  diabetics,  the  ma jo r i ty  of the dai ly  maxima  oc- 
curred in the  morning. I n  normals,  the  dai ly  max ima  
were evenly d is t r ibuted  during the morning, evening, and 
night.  In  all  subjects, a higher proport ion of dai ly  BG 
minima occurred during the  morning than  during any 
other  segment of the  day  or night.  

The t iming of postcibal  ]3G maxima and minima after 
the s ta r t  of the preceding meal was different between dia- 
betics and normals.  The mean elapsed t ime to BG 
maxima  after the major  day t ime meals was 80 rain (range, 
77 to 91 rain) in diabetics and 40 rain (range, 34 to 44 rain) 
in normals. The mean elapsed t ime to BG minima was 
280 rain (range, 188 to 319 rain) in diabetics and 120 rnin 
(range, 104 to 144 rain) in normals.  

2 Wi th  bo th  programs of t r ea tment  in unstable dia- 
betics, IVIAGE was closely associated with ]3G at  80 rain 
after  breakfast  and with  the  difference of the  BG values 
at  80 and 280 rain after breakfast .  However,  wi th  short- 
acting insulin t rea tment  in unstable  diabetics,  MAGE 
was less closely associated With the  fasting BG (r -~ 0.40). 

s imi lar  results .  M A G E  was mos t  closely associa ted  
wi th  t he  B G  a t  80 min  a f te r  b r eak fa s t  (r----0.75). F o r  
MBG wi th  FBG,  r ----- 0.83 ; for MODD wi th  AFBG,  r = 
0.83. 

Thus,  b y  measur ing  the  fas t ing  BG va lue  and  the  
va lue  a t  80 min  af te r  b reakfas t ,  we found  h igh ly  
pos i t ive ly  cor re la ted  measurements  wi th  the  cont inu-  
ous-moni tor ing  indices.  

Table 1. Correlation coefficients of continuous-monitoring 
indices with selected discrete BG values 

Selected BG value at  Correlation coefficient s with 

MAGE b MBG c MODD a 

After  breakfast  (rain) : 
60 0.66 0.82 0.83 
80 0.88 0.83 0.71 

120 0.48 0.55 0.03 
180 0.26 0.33 --0.07 
280 0.50 0.71 0.71 

80-- 280 e 0.83 0.64 --  0.10 
After  dinner (min): 

60 0.56 0.76 0.77 
80 0.51 0.81 0.84 

120 0.50 0.82 0.77 
180 0.47 0.77 0.68 
280 0.44 0.87 0.91 
Fas t ing  0.80 0.85f 0.89 

Correlation coefficients computed from da t a  on 
stable and unstable diabetics t reated with intermediate-  
acting insulin [1--3]. 

b MAGE = mean ampl i tude  of glycemic excursions, a 
within-day BG var iabi l i ty  index [2]. 

c iVIBG = mean (diurnal) BG, an index of overall gly- 
cemia [2]. 

d 1VIODD = mean of dai ly  differences (of paired BG 
values on successive days), an index of between-day BG 
var iab i l i ty  [3]. 

e Value at  80 rain minus value at  280 rain. 
For  mean of fasting BG and value 80 rain after  

breakfast ,  0.89. 

To eva lua te  the  po t en t i a l  usefulness of select ing the  
B G  values  a t  the  chosen t imes,  we used  g raph ic  ex- 
a m i n a t i o n  a n d  regression analys is  of t he  re la t ionsh ips  
of the  se lected i nd iv idua l  B G  measurement s  wi th  t he  
indices f rom cont inuous  B G  measurements .  Fig .  3 
ind ica tes  an  impress ive  associa t ion be tween  the  B G  a t  
80 ra in  af te r  b reak fa s t  and  MAGE.  The  spread ing  ou t  
of the  th ree  groups  of pa t i en t s  is no less impress ive  for 
the  i nd iv idua l  BG measu remen t  than  for M_AGE. There  
is no over lap .  The  use of t he  regress ion l ine shown in 
Fig.  3 as an  es t ima te  of M A G E  is good. The  s t a n d a r d  
error  a b o u t  the  regression line is 24.6 rag/100 ml  a n d  
the  re la t ive  error  ( re la t ive to  the  mean  MAGE)  is 
21.3%. 

Similarly B G  provides  an  a d e q u a t e  e s t ima te  of 
MBG (Fig. 4). The s t a n d a r d  error  is 23.5 rag/100 ml  
a n d  the  r e l a t ive  er ror  is 16.5~ . The  sp read  of the  th ree  
groups  of pa t i en t s  ind ica tes  no over lap.  

F o r  MODD the  s i tua t ion  is less sa t i s fac to ry  (Fig. 5). 
The A F B G  does no t  d i s t inguish  normals  f rom diabet ics  
nor  s table  f rom uns t ab le  diabet ics ,  a l though  MODD 
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itself separates the three groups without overlap. The 
high correlation coefficient, r = 0 . 8 9 ,  is par t ly  ex- 
plained by  a single aberrant  observation. Deleting tha t  
point reduces the coefficient to r = 0.62. I t  evidently is 
not safe or useful to estimate MODD from the day-to- 
day difference of fasting BG. Moreover, we have not 
found help in estimating MODD by a t tempt ing to use 
day-to-day differences in other discrete BG measure- 
ments. 
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Fig. 3. Plot of BG values 80 min after breakfast against 
mean amplitude of glycemic excursions (MAGE). Note 
good separation among normals ( • ), stable diabetics (D), 

and unstable diabetics (O). For details, see text 
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(MBG). Separation of groups of subjects and symbols as 
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Discussion 

During t rea tment  of diabetics, BG measurements 
may  serve as an index of the efficacy of a particular 
therapeutic regimen. The most  efficacious therapeutic 
regimen would result in minimal within-day and be- 
tween-day BG variabil i ty at a near-normal mean 
diurnal glycemia. I t  would also minimize both hyper- 
glycemic and hypoglyeemie extremes. 

Our results on estimating major  indices of the 
efficacy of a therapeutic regimen fit somewhere be- 
tween the routine measurements of diabetes regulation 

and experimental continuous BG monitoring. We be- 
lieve tha t  our results provide a beginning with which 
scientifically oriented clinicians can approach the 
estimation of BG variability in their patients. Hitherto,  
only during formal investigational conditions have 
such estimates been obtained [2, 3, 13--19]. Now this 
might be accomplished under conditions feasible in the 
setting of at  least some outpatient  clinics and many  
hospitals and  at  what  would be to most patients an 
acceptable cost ill the number of daily blood samplings. 
Of course, this approach needs critical evaluation in 
larger groups of patients studied over longer periods. 
Such further studies will, however, of necessity, be less 
intensive than  our studies. 
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BG) against mean of daily differences of paired BG values 
(MOOD). Symbols as in Fig. 3. For details, see text 

I t  is likely that ,  with therapeutic regimens similar 
to our experimental conditions, our findings may  be 
applicable to a larger sample of all diabetics. This is 
suggested by our preliminary clinical experience to 
date with the same and additional subjects. I t  is 
possible that ,  even on different albeit standardized 
regimens, some application of our findings may  be 
feasible. The daily maximal BG and the daily BG range 
are logical correlates of MAGE. Others have also found 
that ,  in diabetics on a variety of therapeutic regimens, 
the maximal  BG level occurs most frequently after 
breakfast  [13, 18, 20, 21]. 

The essential conditions for obtaining interpretable 
data are tha t  as many  as possible of the variables 
affecting diabetic patients (such as diet, insulin, and 
exercise) be standardized and tha t  the measurements be 
made repeatedly on successive days with identical 
timing. Should unavoidable alterations of timing of 
therapeutic variables occur, it is probably best to alter 
the timing of BG measurements correspondingly. For 
instance, if a meal is delayed by  10 min, it is best to 
delay the postprandial BG measurements by the same 
interval, a The actual t ime interval between the meal 
and the BG measurement (for example, 60 or 80 min 

3 We have timed postprandial BG measurements 
from the start of meals for consistency and because the 
timing from the start of meals is easier to standardize. 
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after breakfast) is probably less important than the 
day-to-day consistency of diet, insulin, and exercise. 

The practice of obtaining BG measurements when 
the lowest concentrations are expected -- namely, be- 
fore meals and when clinical indications suggest ex- 
cessive insulin action --  should also be borne in mind. 
BG values before lunch, before dinner, and at other 
times when peak insulin action is suspected may pro- 
vide useful information concerning possible hypogly- 
cemia. Furthermore, with suitable quantitative urinary 
glucose measurements, additional useful although less 
direct information about BG variability and mean 
glycemia [4] may be obtained. 

I t  is encouraging to note that  a few well-timed BG 
values appear to provide useful clues (although with 
much loss of precision and detail) to the quantitative 
character of BG behavior. The loss of precision and 
detail was to be expected [19]. The disappointing lack 
of satisfactory clues to between-day BG variability 
obtainable from day-to-day changes in discrete BG 
measurements further emphasizes the wealth of iefor- 
marion provided by continuous BG monitoring [1--3, 
19, 20]. Yet it is with reference to between-day varia- 
bility that  continuous BG monitoring has its principal 
drawback: it is limited, for various reasons, to 48 to 
72 h [1, 12, 19]. ]~eeause of the importance of between- 
day BG variability [13, 14, 18], better means of assess- 
ing this aspect of BG variability need to be iound. 

There is clearly a need for systematic assessment 
of the adequacy of diabetes regulation. The lack of 
satisfactory BG criteria applicable to the assessment of 
diabetes regulation under long-term, real-life condi- 
tions has hampered objective appraisal of the results 
of therapy. This in turn has made correlation between 
adequacy of diabetic regulation and other phenomena, 
including the incidence and progression of diabetic 
complications, virtually impossible [22]. 
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