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dissertation onthe subject of optimal control systems.? Being a control systems engineer, | believe,

has provided me with certain valuable insights over the yearsin controlling my diabetes. These
insights didn’t become useful until | began SMBG (self-manitoring of blood glucose) in March of 1980
when | bought one of the first Ames Dextrometers for about $500 (ouch!).

I 've had Type | diabetes for over 46 years, since | was 16." At Stanford University | wrote my Ph.D.

My success in controlling my diabetes is evidenced by the fact that my glycohemoglobin A, the
standard measurement of diabetes control, isin the normal range. My laboratory listsHb,,.'s between 7
and 8 as “Excellent control,” between 6 and 7 as* Superb control,” and between 4 and 6 simply as
“Normal.” My last reading was 5.2, well into the “Normal” range.?

This paper describes some of the techniques| use to achieve this level of control. Nothing I dois
considered abnormal in the control-systems world, but much of what | do is not normally used to control
diabetes.

Four major advancesin controlling Type | diabetes

(1) Regular insulin. From my perspective there have been only four mgjor advances in controlling Type
| diabetesin all of history. Thefirst, of course, was theextraction of insulin fromanimal pancreasesin
1921. Thisregular insulin allowed diabetics to live areasonably normal life, although complications,
often debilitating or fatal, were common.

(2) Longer ading insulins(or insulin pump). Type | digbetics requirea“basal” doseof insulin at dl
times, even if unable to eat. Modified insulins with alonger duration than regula insulin grealy
simplify providing this basal insulin. (T he essence of theinsulin pump isthat it provides an dternative
means of providing the basal insulin.)

(3) Blood-glucose meters. The third major advance in the control o diabetes was the devel opment of
patient-friendly blood-gucose (BG) metersin1980. Meters were available for professional usein the
decade before that, but these analog meters were not particularly easy to use and required constant
calibration. The importance of patient-friendly meters was not widely recognized by the medcal

! Gary Deleylived in good health with diabetes for 53 years. He was very meticulousin controlling his diabetes. In
2007 he passed away at the age of 70 dter developing cancer ayear earlier. From 1980 through 1993 he had laser trestment of
microaneurysnsin his eyes. Nomore were found after 1993 due to improved diabetes control.

2 Optimal Bounded Control of Linear Sampled-Data Systems Using Quadratic Performance Criteria. April, 1963.
http://tinyurl.com/3c3utru

% More recently lzbs have changed thar method of messuring glycohemoglobin.
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community at the ti me, and they were sl ow to catch onin clinical practice. In 1980 | had to change
physicians to find one that was interested in experimenting with the new meters.

When | began testing my blood gl ucose in March of 1980 | amost immediately was able to bri ng my
glycohemoglobin A,. down from some astronomical value above 10 to around 7. Since then | have taken
about 50,000 BG tests. There was considearable experimentation in the early days of SMBG; it wasa
fruitful field for researchers who liked to write articlesfor journals such as the newly created American
Diabetes Asscciation journal Diabetes Care. In 1981 the first “how to” book came out on controlling
diabetes using SBMG: The GlucograF Method for Normalizing Blood Sugar by Richard K. Bernstein.*
(Interestingly enough, Dr. Bernstein was a diabetic patient, not aphysician, at thetime. He later
obtained amedical degree.) Dr.Bernstein, a Type | diabetic, had access to one of the earliest meters, and
had been experimenting with it during the decade before publishing hisbook. This proved to be an
especially usful book and | learned many usefu concepts fromit.

During the years between 1980 and 1996 | controlled my diabetes with a combination of regular and
ultralente insulins along with seven blood-glucose testsaday. Theseincluded 3 before meals, 3 between
meals, and one before bed. (Later | added an eighth test at 3 am.) Despite all this effort, | had
considerable fluctuations in my blood sugar. Results from the regular insulin often turned out to be
unpredictable, and despite all the effort | still had some blood sugars that were way too high (above 200
mg/dl) and too many that were too low (hypoglycemia). | was always astounded that | could begin two
successive days with almost exactly the same BG (say 100 mg/dl), take the same amount of insulin, wait
the same amount of timebefore eating breakfast, eat exactly the same breakfast (including weighing the
carbohydrate) and two hours later have wildly different blood sugars. over 200 mg/dl one day and
hypoglycemia the next.

| attribute this instability to certain bad properties of regular insulin. If onewere to design from scratch a
short-acting insulin for Type | diabetics, regular insulin wouldn’t be it. It has apeak action that is far
longer than it should be to “match” the intake of a meal, regardess of the timing of itsinjection. Thusa
little too much insulin must be taken to keep the post-meal peak within bounds. An even worse problem
of regular insulin isitslong tail of action—upto eight hours. It isthistail that causes many of the
hypoglycemic episodes. Regular insulin sneaks up on you just when you think you’' reout of the woods.

| can’'t imagine why anyone would use regular insulinif there were a better aternative.

(4) Lisproinaulin. Which brings me to the fourthimportant discovery in the contrd of Type | diabetes
mellitus, a better “regular” insulin. Thisinsuiniscalled lispro and has been marketed inthe U.S. by Eli
Lilly and Co. under the brand name Humalog since August, 1996. It isthe introduction of lispro that has
allowed meto finally stabilize the control of my diabetes, make the control predictabl e, and bring my
glycohemoglobin A,. down to the normal range. What are the good qualities of lispro? It is about twice
as fast as regular insulin across the board, asshown in a graph included in the Humalog box (see
Appendix). Thismeansthat its peak action is about twice as fast as regular, theduration of its principal
action is half aslong, and equally important, its “tail” is half as long, about four hours. This lack of atal
has greatly reduced my episodes of hypoglycemia

4 Richard K. Bernstein, The GlucograF Method for Normalizing Blood Sugar, Crown Publishers, Inc., New Y ork,
1981. His most recent book is: Richard K. Bernstein, Dr. Bernstein’s Diabees Solution: a complete guide to achieving normal
blood sugars, Little,, Brown & Company, New Y ork, 1997.



I’ve been surprised that lispro hasn’t totally replaced regular insulin in al Type | diabetics. | thinkit will
happen eventually, just as the meterseventually replaced all urine testing. | suppose the primary reason
for not switching is that thetests of lisproby Lilly dd not show any improvement in glycohemod obin
A,. or much lessening of hypoglycemic episodes. Apparently the testers didn’t know what to do with the
stuff. Another reason for not switchingto lispro may be that its speed of action has been oversold.
People seemto have the idea that lisprois dangeroudy fast, which is patently false. My experienceis
that itisn’'t al that fast. Even if my BG isnormal before amed, | have never had aproblem waiting as
long as a half hour for ameal, although normally | aim for about 5 to 15 minutes. And if my BG is high,
say above 180, waiting an hour isn’t too long. Thisshouldn’t be aurprising. | found that regular insulin
takes a couple of hoursto cause a noticeable drop in high BG. Lisproisabout twiceasfast, so | find it
takes about an hour to cause a noticeabl e drop in high BG.

Control systems

So, how do | use the above ingredients to tightly control my Type | diabetes? First, let me introduce a
little nomenclature. We engineers call whet is being controlled the controlled variable. The variable
being controlled in diabetes s, of course, bood glucose, or BG for short. | don't think of blood glucose
from amedical viewpoint. To me, it issimply another variable to be controlled using the concepts of
control system theory. This provides a certain objectivity to the process.

Before the meters became avail able, “control” of diabetes was totall y open loop. That simply means that
control (such asit was) wasn't based on actual measurements of the variable being controlled (which we
call feedback), but was based on hope, the hopethat doing the same thing every day would produce the
same result, and that result would be acoeptable. It clearly wasn't acceptable, since very high and very
low BGs were the norm in those days, leading to a high dycohemoglobin and diabetic camplications.

When the meters became availal e, for the first time diabetics could close the loop, meaning that the
diabetic can teke actions to control the diabetes based on the actual value of the BG at the moment; if itis
too high, insulin can be teken, and if it istoo low, sugar can be ingested. Eaing a meal, however, is till
an open-loop process:. insulin isinjected, themeal is eaten, and it is hoped the result will be OK. (Ina
totally closed-loop system insulin would be added to the bloodstream only after the BG had begun to rise
fromameal. Thiswould be detected by the control system and immediately insulin woud be added
directly to the blood stream to lower the BG.)

How | control my Typel diabetes

Diet. My diet congsts of asmdl amount (15 g) of carbohydrate at each meal (plus whatever additional |
need for control purposes as discussed below under the heading Sugar. Dr. Bernsteén put me onto this
in hisfirst book. Hislatest book recommends only slow-acting carbohydrates, but | think thisis now
unnecessary thanksto lispro insulin. | prefer faster acting carbohydrates such as bread.

Basal insulin. It haslongbeen established that Type | diabetics need a certain amount of insulinat all
times, regardless of meals. This can be provided by along-acting insulin. The ideal long-actinginsulin
would last more than a day and have aflat response; then only oneinjection a day would be required.

Since there is no such thing as an insulinwith aflat response, we have to createthe flat response
ourselves. This can be done by overlapping injections of long-actinginsulin. If you’'re so inclined, you
can demonstrate for yourself, as | did in 1981, that afairly flat response can be obtained by overlapping
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three injections of insulin regardless of the response curve of the insulin. Thus, if the duration of an
insulin were 36 hours (as was originally believed to be the duration of animal ultralente), then an
injection every 12 hours would provide the required overlap. (Later, it was discovered, that in amall
doses of the kind taken for basal injection, the actual duration of animal ultralente is closer to 18 hours;
taking an injection every 12 hours worked only because of the rdatively flat response of animal
ultralente.)

Unfortunately, animal ultralente is no longer marketed; it has been replaced by human ultralente, which
has a slightly shorter duration and an unpredictable peak. Many diabetics complained that when they
were forced to switch to human ultralente, their control became much more unpredictable. | was
certainly among those complainers; the unpredictable results | got from using a combination of regular
insulin and ultralente became even more unpredictable when | switched to human ultralente as my besal
insulin.

| totally solved the problem of human ultralente by going back to my 1981 discovery that any insulin can
be used as a basal insulin aslong as three injections overlap. Assuming (charitably) that the duration of
human ultralente is about 18 hours, thismeans that to get a smooth response | need to take aninjection
every six hours. | have been doing this since 1996 and the results have been spectacular. Aninjection of
human ultralente every six hours completely solves the problems of the un-flat response of human
ultralente. The responseisusually so flat during the night that frequently the three BGtests | take (1)
when going to bed, (2) at 3am., and (3) in the morning are al nearly the same.

It does not even add to my inconvenience to divide my ultralente into four injectionsaday. | have found
that the four shots need not be taken at exactly six hour intervals—wide latitude is OK when taking the
injections. | take three of them with the three meal injections of lispro, and the fourth before going to
bed when | take my late eveningtest.

Schedule The table onthe next page shows my daily schedue for controlling my diabetes. My
schedule using lispro is much more flexible than the table implies. The time between the first morning
test and taking lispro insul in can be about anything | want it to be, a great convenience. | no longer have
to wait an hour before breakfast. The only requirement is that there not be much more than 15 minutes
between taking the lispro and the meal. However, as discussed above, if the test shows a high BG, then |
take extra ligoro and wait longer, anywhere from a half hour to an hour dependingon the test. Timing is
still important with lispro, and the admonition to take it less than 15 minutes before ameal only applies if
the BG is normal when taking it.

Extralispro. After any BG test, if my BG is considerably higher than it should be at the time of that
test, | take extralispro. Thisisobviousif the BG istoo high just before amed, but | al take extra
lispro between mealsif thevalueistoo high. | find that for me (175 pounds), one unit of ligoro
consistently reduces my BG about 30 mg/dl.

Sugar. Tight control of diabetes requires lots of sugar. This may sound like heresy to those taught that
sugar isano-no for diabetics. It makes perfect sense from a control systems point of view. By lots of
sugar | don’t mean ind scriminate intake of carbohydrate; | mean carefuly controlled amounts of sugar to
raise the BG a precise and known amount. A control system must be able to nudge the controlled
variable in either direction to maintain gability. If BG (the controlled variable) is higher than it should
be at the time of atest, then extralisproisindicated. If itistoo low then sugar isindicated. Note that
too high andtoo low arerdative terms. If atestistaken before ameal, then agood value for BG are in
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TABLE: BG test times and insulin regime

Time (approx) | BG test lispro ultralente
7am. % 2u 4u
7:45 am. % 2u

Breakfast 8am.

10am.

12 noon 6u 4u
Lunch 15 minutes after injection
2p.m.

5:30 p.m. 4u 4u
Dinner 15 minutes after injection
8p.m.

bedtime % 4u
3-4am.

therange 80 to 110. However, if a test is taken between meals, then a good value might be in the range
110to 140. If aBG is only 80 between meals, and experience has shown that it can drop another 20 or
30, then sugar should be takento raise it into the good range for between meals. If aBG is170 between
meal s (arare event), then enough lispro should be taken to get the BG into the good range by mealtime.

How much sugar is neededto raise BG a precise amount? This requiresa bit of testing on the part of the
user, asfirst brought to my attention by Dr. Bernstein’s 1981 book on pages 189ff. He states that one
Dextrosol (now called Dextro Energy) will raise the BG of a patient weighing 120 to 150 pounds about
15 mg/dl. (There are now several other similar glucose products on the market.) One Dextro Energy
weighs 3.3 grams and contains 3 gm carbohydrate, essentially all glucose. Glucose (dextrose) should be
used to raise BG fast, since it quickly raises BG by being directly absorbed into the bloodstream. Since
any dextrose product | have ever tried is not exactly delicious(in fact most of them arebarely palateble),
| also use candy made from sucrose (table sugar) when speed isn't afactor (i.e., when my BG is lower
than it should be to makeit to the next meal, but not near the hypodycemic range). As Bemstein points
out, sucrose is half glucose and half fructose, so half of the sucrose getsinto the bloodstream fast and
half comes along later; thisisthe reason| don’t use sucrose to bringup low BGs. | havefound that most
fruit is difficult to calibrate; while the quantity of thefruit can be weighed, the sugar concentration varies
considerably, so | don’t use fruit to bring BG up aprescribed amount.



Dawn phenomenon.® For over 15 years | have been in the habit of waiti ng an hour between taking my
morning regular insulinand eating breakfast. | found it takes at |east this long for the regular insulin to
begin working. | began to enjoy the schedule of taking my test and regular insulin right after waking up,
then spending the next hour readingthe paper and having my first morning cup of coffee. When|
switched to lispro | wanted to keep the same schedule, but couldn’'t wait an hour after taking the lispro.
So | took amorning test to make sure | wasn't too low, waited an hour, and took another test and my
morning insulin. | had been reading about the dawn phenomenaon for about aslong as | can remember,
but thiswas the first time | experienced its power first hand. | discovered that during that hour, my BG
would sometimes rise as much as 50 or 60 mg/dl, anamount that astounded me.

My solution to this problem was to split my lispro between the two tests an hour apart. Assuming my BG
isin the normal range when | get up, | take 2 units of lispro (and my ultralente). Then after reading the
paper and having a cup of coffee | take another test, and if my BG has not gone up significantly, | take
the other 2 units of lispro and eat breakfast. Some people might thinkiit is dangerous to take lispro and
then wait an hour to eat, but | have discovered that with this regme the second test is almost never below
thefirst test, and if it isit by an insignificant amount. The second test is usually only a dlight bit higher
than the first, but if it is significantly higher, | increase the second dose of lispro a unit or so.

This regime gives meconsiderable flexibility in adjusting my morning dose of lispro. If my first test of
the morning is high, say 120 to 150, then | takean additional unit or two of lispro at that time. If the first
test of the morning is very high, over 150, then | take al the lispro at that time, upping it as necessary. |
then wait an hour before breakfast, gving the lispro a chance to begin bringing down my BG to a
reasonable value.

® In the morning the liver starts producing glucose until you eat something. This can cause a diabetic's blood glucose
level to rise even though they haven't eaten anythi ng yet. A doctor once recounted an incident where a diabetic patient who hadn't
eaten anything &l day cameto his office in theafternoon with a blood glucose level of over 300. Thisiswhy it'simportant for a
diabetic to eat breakfast, even if their blood glucose level is high. Eating switches off the liver so it stops producing glucose.
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Appendix

Figure 2 of the Clinical Pharmacology section of an insert that comes with every bottle of Humalog
lispro insulin shows * Serum Humalog and insulin levels after subcutaneousinjection of human regular
insulin or Humalog (0.2 U/kg) immediately before ahigh carbohydrate mealin 10 patients with Type |
diabetes.”

Comparing the two curvesof serum free insulin versus time shows that lispro insulin is twice as fast as
regular insulin across the board, as shownin the graph below. Inthis graph the time axis of the regular
insulin has been compressed by afactor of two.

To make thecomparison easier the vertical axis of each the two curves has been atered as follows: (1)
The baseline of 0.5 has been deleted from the original curves under the assumption that the baseis
caused by the baseline infusion of 0.2 mU/min/kg. (2) The amplitude of the lispro insulin has also been
reduced by afactor of 1.4to bring the aurvesinto vertical alignment.®

Comparison of time response of Humulin R and Humalog
Base = 0.5, Humulin R Multiplier = 1.4, Humulin R Time
Compression= 0.5
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® It isinteresting to speculate on why this factor is 1.4
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