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I . INTRODUCTION 

The Food and Nutrition Board of the National Research Council 
periodically presents recommended daily allowances for nutrients in the 
dietary of man, with the following comment: "The allowances are de
signed to maintain good nutrition in healthy persons in the United States" 
(1). Implied in these, therefore, is the understanding that the recom
mendations stated are in excess of the minimum daily requirements of 
these nutrients. Barring very extenuating circumstances, such as genetic 
defects in metabolism, severe diarrhea, the use of antibiotics over long 
periods, the excision of large segments of the gastrointestinal tract, or any 
other situation which would affect adversely the absorption and/or 
utilization of the nutrients, the recommended daily allowances are gener
ally accepted as authoritative for the purpose stated. In fact, our recom
mended daily allowances are for the most part similar to those recom
mended by other countries (2, 3), and all such recommendations are made 
on the basis of extensive research work and field experience (1). 

With the knowledge that the consumption of the recommended daily 
allowances levels of nutrients should maintain health, one might readily 
ascertain the nutritional adequacy of a subject by obtaining a dietary 
history and calculating the intake of each nutrient by the use of tables of 
food composition (4). Unfortunately, even when available, nutritional 
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evaluation by dietary history is fraught with gross inaccuracies and 
seemingly endless laborious calculations. 

Evaluation of nutritional status by clinical examination also presents 
problems of accuracy as to the degree and specificity of both objective and 
subjective clinical findings because these findings may often have etio
logies other than nutritional inadequacy. Some of these problems have 
already been discussed in detail (5). 

As our knowledge of the chemistry of the vitamins has accumulated, 
chemical and biological assays have been developed for measuring them. 
Vitamin levels in blood and urine may vary in different deficiency states, 
however, and the concentration of a nutrient below which a deficiency can 
be defined is often hard to establish. For instance, blood studies of 
thiamine-deficient populations, as determined on the basis of clinical 
signs, have shown them to be little different biochemically from a paired 
normal population (6, 7). One group has suggested normal values and 
cutoff points for deficiency states on the basis of blood levels for a number 
of the vitamins (8, 9). Marginal deficiency states, in which the body is 
depleted of vitamin but not to the point of clinical pathology, would 
probably be difficult to define with these criteria, however. Also, the 
Interdepartmental Committee on Nutrition for National Defense (IC-
NND) (10) has suggested criteria for nutritional status which were based 
on biochemical determinations in blood and urine. These criteria have 
been applied and have served well in the assessment of the nutritional 
status of large population groups (11). Unfortunately, some of these 
criteria may be less applicable in individual subjects. For instance, in the 
case of vitamins C and Bi, blood and urine levels may be more reflective 
of recent dietary intake than of the physiological nutritional status of the 
person. 

We now recognize that vitamins function as coenzymes in biochemical 
reactions. Normal physiological nutritional status, therefore, would imply 
that there are available at the enzyme sites sufficient quantities of the 
vitamins in their coenzyme forms to permit the many biochemical reac
tions in which they are involved to proceed at normal rates. 

Consider Eq. (1): 

Coenzyme -+- apoenzyme = holoenzyme (1) 

in which the coenzyme is the biologically active form of the vitamin, the 
apoenzyme is the specific enzyme protein, and the holoenzyme is the 
active catalytic complex. I t becomes apparent that, if the coenzyme were 
not present in sufficient quantity to saturate the available apoenzyme, the 
total active holoenzyme for catalysis would be reduced below the maxi
mum. 
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Five stages in the development of a vitamin deficiency syndrome have 
been suggested, therefore, as shown in Table I (12). In the first stage, 
which is preliminary to the clinical onset of the disease, there is a gradual 
depletion of the body stores of the nutrient due to the unavailability of the 
vitamin from dietary lack, malabsorption, or abnormal metabolism. In the 
second or biochemical deficiency stage, the holoenzyme is progressively 
depleted of cofactor, and enzyme activity is finally reduced. In the third 

T A B L E I 

SEQUENCE OF EVENTS IN THIAMINE VITAMIN DEFICIENCY0 

Se
quence 

Deficiency 
stage 

Time of 
onset 

(days)* 
Demonstrable symptoms 

and comments 

Preliminary 

Biochemical 

Physiological 21-28 

5 Inadequate availability of thiamine due to 
diet, malabsorption, and abnormal metab
olism. Urinary thiamine reduced to 50 jug 
daily. 

10 Red blood cell transketolase activity de
pressed with a positive TPP effect of about 
15%. Urinary thiamine reduced to 25 /zg 
daily. 

Loss of body weight concurrent with appe
tite loss, general malaise, insomnia, and in
creased irritability. Urinary thiamine 0-25 
Mg daily. Red blood cell transketolase ac
tivity reduced 15-25% with a TPP effect 
of up to 30%. 

Clinical 30-300 Increased malaise, loss of body weight, inter
mittent claudication and polyneuritis, 
bradycardia, peripheral edema, cardiac en
largement, and ophthalmoplegia. Urinary 
thiamine negligible. Red blood cell trans
ketolase activity reduced more than 35%. 
TPP effect in excess of 40% (estimated). 

Anatomical 200 -f (esti- Cardiac hypertrophy, degeneration of granu-
mated) lar layer of cerebellum, perivascular cerebral 

hemorrhages with degeneration of neurons 
and processes, swelling of microglia, and 
proliferation of astrocytes, mammillary 
body pathology. Urinary thiamine negligi
ble. Red blood cell transketolase depressed 
in excess of 45%. TPP effect in excess of 
50% (estimated). 

° Reproduced by permission of the Am. Med. Assoc. (12). 
h Men fed 200 *ig of thiamine per day for 6 weeks. 

1. 

2. 

3. 

4. 

5. 
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or physiological stage, enzyme activity has been depressed sufficiently to 
result in a general lack of well being, i.e., irritability, reduction in appe
tite, etc. However, these clinical effects are not necessarily specific for 
any disease, nutritional or otherwise. In the fourth or clinical deficiency 
stage, the deficiency has manifested itself as a syndrome which can often 
be diagnosed as a specific vitamin deficiency. In the fifth or anatomical 
stage, there has developed sufficient tissue pathology due to the metabolic 
deficit to cause permanent damage or death if the deficiency is not re
versed promptly. 

A functional evaluation of vitamin status, then, would be the measure
ment of the activity of a biochemical reaction system in which the vitamin 
is required as a coenzyme factor. The data would be compared to criteria 
which were established by studying the relationships between enzyme 
activity, vitamin intake, and clinical findings under carefully controlled 
conditions. 

II. THIAMINE EVALUATION 

Erythrocyte Transketolase Activity and the Thiamine Pyrophosphate 
Effect 

Initial studies with intact erythrocytes demonstrated that methylene 
blue activated the glucose oxidative pathway in these cells. This was 
supported by the following observations (13): increments of methylene 
blue caused increments in oxygen consumption (Fig. 1) and also incre
ments in the recovery of C - l and C-2 of specifically labeled glucose-1 4C 
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FIG. 1. The effect of the concentration of methylene blue ( M B ) on the oxygen 
consumption of intact human erythrocytes. The lower curve presents the oxygen 
consumption in the absence of the dye, and the upper curves present the oxygen 
consumption in the presence of increasing concentrations of methylene blue, namely, 
0 . 0 0 1 7 , 0 . 0 0 3 3 , and 0 . 0 0 6 6 % , respectively. Reproduced by permission of J. Biol. 
Chem. ( 1 3 ) . 
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FIG. 2. The effect of the concentration of methylene blue on the percentage 
recovery of radioactive carbon dioxide- 1 4C0 2  from radioactive glucose added to 
human erythrocytes initially as glucose-l-1 4C and glucose-2-1 4C. Reproduced by 
permission of / . Biol. Chem. (13). 

(Fig. 2). It was also observed that the ratio between the carbon dioxide-
1 4C 0 2 obtained from C-l and that from C-2 of glucose was different in the 
presence of methylene blue than in its absence, and that no carbon 
dioxide-1 4C02 was produced from the C-6. Furthermore, when glucose-
1-14C was incubated with intact rat erythrocytes, the lactic acid which was 
formed had 85% of the activity of the original glucose, whereas in the 
presence of the dye the lactate was only 38% as active. This was presumed 
to be due to the loss of C-l as carbon dioxide-1 4C02 in the first steps of the 

T A B L E II 
EFFECT OF THIAMINE DEFICIENCY ON GLUCOSE OXIDATIVE PATHWAY IN 

RAT ERYTHROCYTES IN PRESENCE OF METHYLENE BLUE* 

Pentose 
Days accumulation C-2 recovery Number of 

on diet fag per flask)6 (fraction)6 observations 

0 126 ± 7.2 0.139 ± 0.008 26 
1-7 128 (97-149) 0.095 (0.086-0.111) 4 
8-10 136 (130-144) 0.073 (0.036-0.110) 6 

11-15 177 (141-230) 0.057 (0.003-0.110) 7 
16-29 173 ± 5.2 0.047 ± 0.003 17 
30-44 263 ± 35 0.030 + 0.003 29 
45-58 353 + 38 0.020 ± 0.004 10 

° Reproduced by permission of the J. Biol. Chem. (16). 
6 Values given represent mean ± standard error; where there are 

fewer than eight values, the range is given in parentheses. 
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pathway, resulting in reduced specific activity of the lactate formed under 
these conditions (13). 

With the knowledge derived from the work of others (14, 15) that 
thiamine pyrophosphate (TPP) is an integral part of the transketolase 
enzyme, a series of studies was done by Brin and associates (16) with 
rats to determine whether the methylene blue effect in red cells is modified 
by thiamine depletion. Some of the results are presented in Table II . I t 
was clearly evident that, within a week of consuming a vitamin Bi-defi-
cient diet, the recovery of carbon dioxide-1 4C02 from glucose-2-14C in 
intact red cells was depressed and became progressively more so as the 

2 GLUCOSE Erythrocyte 
membrane 

THIAMINE 

2 PENTOSE 5-PHOSPHATE 

TRANSKETOLASE 

2 GLUCOSE 6-PHOSPHATE 

LACTIC ACID 

TRI0SE 3-PHOSPHATE 

FRUCTOSE 6-PHOSPHATE 

TETRQSE 4-PHOSPHATE 

FIG. 3. Principal reactions involved in the glucose oxidative pathway in erythro
cytes used in an assay of transketolase as related to thiamine deficiency. Glucose 
and thiamine are phosphorylated when utilized as metabolic mediators within the 
cell. Oxidation of glucose with concomitant production of carbon dioxide was not 
measured in hemolysate procedure. Reproduced by permission of J. Am. Med. Assoc. 
(12). 

deficiency became more severe. I t was noteworthy, too, that pentose 
accumulated in the system, which would support the suggestion that 
the metabolic block was at the transketolase step of the pathway. 

Ordinarily, in the mammalian erythrocyte, glucose is phosphorylated 
to hexose phosphate and converted to lactic acid, as shown in Fig. 3 (17). 
The lactate cannot be oxidized to carbon dioxide since a functioning Krebs 
cycle is absent in the erythrocyte (18). When the methylene blue was 
added, however, the sugar phosphate was shunted through the oxidation 
pathway. In doing so, it lost C - l as carbon dioxide-1 4C02 in the first cycle, 
but lost the C-2 as carbon dioxide-1 4C02 in the second cycle around the 
pathway. The metabolic block in the thiamine-deficient subjects was at 
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the transketolase reaction, as was presumed. This block prevented the 
recycling of the molecule and thereby reduced the recovery of the C-2 
carbon dioxide-1 4C02 and resulted in pentose accumulation in the vitamin 
Bi-deficient rat erythrocyte. I t was clearly evident that this transketolase 
enzyme was especially sensitive to thiamine lack, and that the extent of 
the reduction in enzyme activity was closely related to the severity of the 
deficiency. 

One of the clinical syndromes resulting from thiamine deficiency asso
ciated with human chronic alcoholics is Wernicke's encephalopathy, in 
which there is a lateral gaze paralysis. I t has been shown that the ophthal
moplegia is not alleviated by alcohol withdrawal, bedrest, or the adminis
tration of a diet adequate in all nutrients with the exception of thiamine. 

TABLE III 
1 4C RECOVERIES AND PENTOSE ACCUMULATION OF VARIOUS GROUPS STUDIED"'6 

C-2 recovery of Pentose 
counts added accumulation Number of 

Group (%) (Mg per flask) experiments 

Controls 16. 6 + 2. .3 133 ± 13 20 
Wernicke group 

Before treatment 10. ,2 ± 2 l c 172 ± 18c 8 
After treatment (maximum 

recovery) 13. 8 ± 2. .1 148 ± 21 8 
Suspected thiamine deficiency 15. 3 ± 1. .0 146 ± 21 8 

a Reproduced by permission of the J. Clin. Invest. (20). 
6 Values represent mean ± standard deviation. 
CP < 0.01. 

On the other hand, the ophthalmoplegia improves rapidly when thiamine 
is administered (19). Since the extraocular palsy appeared to be a highly 
specific sign of human vitamin Bi-deficiency, a transketolase study was 
made with the intact erythrocytes from seventeen persons who were 
suspected of vitamin Bi-deficiency due to chronic alcoholism and mal
nutrition (20). Of these, nine showed the ophthalmoplegia, and seven or 
more showed in addition each of the following: nystagmus, peripheral 
neuritis, confusion, and ataxia. There were also an additional eight persons 
without ophthalmoplegia who were suspected of vitamin Βi-deficiency. 
Twenty control persons were included for comparison. The data are shown 
in Table III . The recovery of C-2 carbon dioxide-1 4C02 from glucose, 
when incubated with intact erythrocytes in the presence of methylene 
blue, was markedly depressed in the group with the extraocular palsy, 
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and significantly more pentose accumulated in those cells (P < 0.01 for 
both effects). The effect was minor in those just suspected of vitamin Bi-
deficiency. These two biochemical reflections of vitamin Bi-deficiency 
were largely corrected following the administration of thiamine. The 
application of the transketolase assay to the demonstration of thiamine 
lack in man therefore was shown. Unfortunately, this assay procedure 
was not particularly suited to routine clinical work since it required the 
use of the Warburg respirometer and expensive isotopic substrates. 
Also, because the cells could not be stored for over 4 hours, immediate 
assay was mandatory. 

T A B L E IV 
EFFECT OF THIAMINE DEFICIENCY ON APPEARANCE OF HEXOSE 

(FROM PENTOSE) IN R A T R E D CELL HEMOLYSATES°& ,C 

Control rats Deficient rats 
Days Depression 

on No No from control 
test addition + TPP* addition + TPP<* (%) 

7 897 ± 14 898 ± 44 (0) 680 ± 53 749 ± 36 (9) 24 
9 859 ± 26 936 ± 34 (9) 667 ± 78 776 ± 52 (17) 22 

11 922 + 24 955 ± 22 (3) 460 ± 50 590 ± 32 (28) 50 
13 922 ± 46 1017 ± 40 (10) 491 ± 75 650 ± 47 (33) 46 
20 978 ± 17 941 ± 18 (0) 371 ± 36 487 + 28 (31) 61 

β Reproduced by permission of the J. Nutr. (17). 
5 Rats were FDRL strain. Each value represents mean ± standard error of six 

rat blood hemolysates. 
c Values in micrograms of hexose per milliliter per hour. 
d To each hemolysate 100 j*g of TPP was added. Values in parentheses represent 

percentage change due to the TPP effect. 

A second assay was then developed in which the cells were first hemo-
lyzed (17). As such, they could be frozen and stored for at least 3 months 
before assay. In this procedure only the nonoxidative reactions of the 
glucose oxidative pathway were measured (see Fig. 3). The hemolyzed 
cells were incubated with ribose phosphate for 1 hour, following which 
chemical assays were done to assess the amount of pentose utilized and 
the amount of hexose formed during the reaction period. Some of these 
results are presented in Table IV. As the rats remained on the vitamin 
Bi-deficient diet for longer periods, there was less hexose formed during 
the reaction period. When TPP was added to the reaction mixture in 
vitro, there was marked enhancement in the enzyme activity of the vita
min Bi-deficient hemolysates but not of the vitamin Βi-adequate samples. 
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Similarly, the administration of thiamine, orally or by injection, elimi
nated the TPP effect. I t was clear then that the apotransketolase was 
unsaturated with thiamine in the deficient hemolysates. The assay pro
cedure has been described (17) and modified (21), and specific instructions 
for macro- and semimicro-assay have been presented in detail (22, 23) 
(see Section III) . 

1. Studies on the Sensitivity and Specificity of the Method 
to Thiamine Deficiency 

Not only did this functional assay appear to be highly specific to 
thiamine lack, but it was also especially sensitive to the onset of the bio
chemical defect. While it has been shown that rats continue to grow at 
normal rates for up to 2 weeks on vitamin Bi-deficient diets (16, 24), and 
show essentially normal appearance and behavior for this period, the 
transketolase activity for both the intact cells and the hemolysates was 
depressed 30 and 24% at 7 days, and 50 and 51 % at 2 weeks, respectively. 
I t was clearly apparent that, at least in rats, a significant biochemical 
defect was noted before any other clinical signs were evident. The sensi
tivity of this assay in thiamine-deficient rats was appreciably greater 
than that for the defect in the oxidation of pyruvate, in which smaller 
changes were seen in animals which were much more severely deficient 
(25). Additional studies supported both the sensitivity and the specificity 
of the hemolysate transketolase activity for thiamine deficiency. 

a. Adult Rats. The previous studies were done on young, rapidly 
growing rats. Since thiamine deficiency in man is found largely in adult 
populations, it was of interest to observe the rate of onset of the defect in 
older animals. Data for female rats with an initial average body weight 
of 250 gm are presented in Table V. The deficient rats continued growing 
for 12 days, yet the transketolase assay revealed a 42% reduction in 
enzyme activity. Thus, adult rats were depleted about as rapidly as 
actively growing rats (26). 

b. Sensitivity to Graded Levels of Dietary Thiamine. Groups of rats were 
placed on diets containing increments of thiamine ranging from 0 to 1 μg 
per gram of diet for a period of 2 weeks (26). The data are presented in 
Table VI. All groups showed the same rates of growth. However, trans
ketolase activity was increased with increased dietary thiamine in this 
range (26). 

c. Biological Availability of Thiamine in Food. One series of studies 
demonstrated that X-irradiation of pork rendered thiamine less available 
(27). Thiochrome analysis of the pork then demonstrated that 92% of the 
vitamin was destroyed at 3 Χ 106 r and 98% at 6 Χ 106 r. Data for the 
transketolase study are shown in Table VII. These data were for rats 
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T A B L E V 
EFFECTS OF THIAMINE DEFICIENCY ON ERYTHROCYTE HEMOLYSATE 

TRANSKETOLASE ACTIVITY IN ADULT R A T S 0 

Formation of hexose6 

Body weight 
Days on test (gm) No addition + TPP 

0 259 1068 1072 
12 271 549 709 
19 264 160 292 
26 223 187 243 

α Reproduced by permission of Ann. N.Y. Acad. Sci. 
(26). 

6 Assayed as described previously. Each transketolase 
value represents mean for three rats at 0 days and four rats 
subsequently. Values in micrograms per milliliter per hour. 

fed the experimental diets for from 3 to 4 weeks. There was no difference 
between the transketolase activity of hemolysates from rats fed the diet 
with unirradiated pork with (DP 0) or without added thiamine (DP 0-T). 
However, markedly depressed transketolase activity was observed in the 
group fed with pork which was irradiated at 3 Χ 106 r (DP 3-T) without 
added thiamine, and the effect was more severe at the higher exposure 
level (DP 6-T). Wherever enzyme activity was depressed, it was in
creased, albeit not to normal levels, by addition of TPP in vitro or by the 
injection of the vitamin. I t was clear, then, that exposure of pork to 
preservation levels of X-irradiation rendered thiamine relatively unavail-

T A B L E VI 
EFFECTS OF GRADED LEVELS OF DIETARY THIAMINE ON ERYTHROCYTE 

TRANSKETOLASE IN R A T S 0 ,6 

Level of thiamine in diet 
0*g/gm) 

Body weight 
(gm) Transketolase activity0 

0 .0 129.9 541.3 
0.1 134.0 679.3 
0.5 129.1 802.0 
1.0 133.7 905.8 

° Reproduced by permission of Ann. N.Y. Acad. Sci. (26). 
6 Each value for body weight represents ten rats, for transketolase 

activity five rats. Animals were on test diet for 12 days. 
c Values in micrograms of hexose per milliliter of hemolysate per 

hour. 
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T A B L E V I I 

EFFECTS ON TRANSKETOLASE ACTIVITY IN R A T HEMOLYSATES OF FEEDING 
PORK UNSUPPLEMENTED WITH THIAMINE 0 

Pentose c Hexosec 

Diet* ( - ) (+) ( - ) (+) 

DP 0 
D P 0 - Τ 
D P 3 - Τ 
D P 6 - Τ 

1351 ± 29 3 

1326 ± 28 
579 ± 32 
461 ± 26 

1231 ± 43 
1280 ± 48 

567 ± 69 
453 ± 40 

771 ± 12 
798 ± 24 
134 ± 19 
74 ± 25 

732 ± 31 
744 ± 61 
181 ± 16 
131 ± 26 

a Reproduced by permission of J. Nutr. (27). All values represent mean ± stand
ard error in micrograms per milliliter of hemolysate per hour. 

b Rats fed experimental diets for 3 to 4 weeks; six animals in each group. D P = 
pork diet; 0 = full vitamin supplement; — Τ = omission of thiamine; 3 and 6 = 
exposure to 3 X 10e r and 6 Χ 106 r, respectively. 

c The minus (—) sign denotes no additions. The plus ( + ) sign denotes the addition 
of TPP to each hemolysate. 

able, and that the feeding of this pork resulted in thiamine desaturation 
of the transketolase enzyme. 

Additional studies were done to determine whether the sensitivity 
of the transketolase assay was sufficient for use as a quantitative bio
logical assay for thiamine in food (28). Again, standard curves of trans
ketolase activity vs. dietary thiamine were developed, as shown in Fig. 4. 
The three test materials (unenriched flour, enriched flour, and cracked 
corn) were fed at a theoretical level of 0.5 Mg  of thiamine to 1 gm of diet 

3 

THIAMINE HCI P ER GRAM O F DIET (μς) 

FIG. 4. A diagrammatic plot from which the thiamine content of unenriched flour, 
enriched flour, and cracked corn was determined in the assay for biological availability 
of thiamine by the use of erythrocyte transketolase in rats. Reproduced by permission 
of Academic Press (28). 
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(as estimated by the thiochrome assay). The results are presented in 
Table VIII. The transketolase bioassay data were well within the range 
of values determined by thiochrome assay, and showed, at least for these 
test items, that the transketolase assay for the biological availability 
of thiamine appeared valid. 

d. The Effect of Various Compounds on Tissue Transketolase Activity. 
(1) Oxythiamine. Although it was clearly apparent that erythrocyte trans-

T A B L E V I I I 
ERYTHROCYTE TRANSKETOLASE AS A BIOASSAY FOR THIAMINE IN F O O D S 0 ,6 

Transketolase activity 
(/ig per ml of Thiamine content 

hemolysate per hour) Gug/gm product) 

Group Hexose Pentose Hexose Pentose Thiochrome 

0.1 Mg of vitamin B i 
per gm of diet 542 1057 — — — 

0.5 Mg of vitamin B i 
per gm of diet 590 1172 — — _ 0.8 Mg of vitamin B i 
per gm of diet 692 1225 — — — 

Unenriched flour 652 1158 2 .9 2 .4 2 .2 
Enriched flour 599 1148 5.3 5 .4 5.2 
Cracked corn 610 1156 5 .0 5.0 4 .6 

° Reproduced by permission of Academic Press (28). 
6 Three control groups of ten rats each and three test groups of five rats each ; 

samples were air dried. 

ketolase activity responded promptly to thiamine lack, it was of interest 
to establish the relationships between the findings in blood cells and those 
in other tissues. Accordingly, tissues and erythrocytes were studied from 
vitamin Bi-adequate and vitamin Bi-deficient rats which were treated 
with, or without, oxythiamine (21). It is shown in Fig. 5 that, except for 
brain, all tissues showed progressively reduced transketolase activity 
over the 2-week period. Dietary oxythiamine caused reduced trans
ketolase activity in both control and deficient rats in most cases. Brain 
was unique in that neither thiamine deficiency nor oxythiamine adminis
tration caused a change in transketolase activity during the 2-week 
period. These data extended the finding that brain retained thiamine 
longer than other tissues in thiamine-deficient rats (24). The tissue 
effects and the effects of oxythiamine have since been confirmed (29). 
In summary, these findings demonstrated that the effects of thiamine 
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deficiency on erythrocyte transketolase activity were very similar to the 
enzyme effects on other body tissues. The use of the erythrocyte to 
evaluate vitamin Bi-adequacy, therefore, appeared justified. 

(2) Pyrithiamine. While oxythiamine administration causes death in 
rats in 4 to 7 weeks and often without severe polyneuritis, treatment with 
pyrithiamine results in acute neurological disease with death ensuing in 
9 to 10 days. We observed that when pyrithiamine was fed to rats it had 

DAYS DAYS 

FIG. 5 . Effects of injected oxythiamine ( + ) on transketolase activity (formation 
of hexose) of nine tissues in control (C) and thiamine-deficient (D) rats. Data are 
expressed as percentage of the control group. Reproduced by permis s ion^ the 
Nutr. (21). 

no greater effect on the transketolase activity of erythrocytes, intestine, 
or liver than vitamin Bi-deficiency (30). However, a marked depression of 
enzyme activity was observed in both vitamin Bi-adequate and vitamin 
Bi-deficient brain homogenates within the short 11-day experimental 
period (Table IX). The acute depression of brain transketolase activity 
by pyrithiamine suggested a unique ability of this analog to cross into 
brain cells and to specifically compete with thiamine at the active site 
of the brain transketolase enzyme. The biochemical findings in brain 
explained the differences in neurological clinical findings which were 
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observed following the administration of oxythiamine and pyrithiamine 
to rats. 

(3) Penicillin and sorbitol. Penicillin and sorbitol when added to rat 
diets, result in increased growth and a thiamine-sparing effect (31, 32). 
Although penicillamine was inactive in our feeding studies, both peni
cillin and sorbitol resulted in increased urinary thiamine excretion in 
vitamin Bi-deficient rats within a 2-week period (33). As presented in 
Table X, it was also observed that both compounds resulted in increased 
erythrocyte transketolase activity in the vitamin Bi-deficient animals. 
The suggestion that the feeding of these compounds resulted in enhanced 
intestinal synthesis of thiamine appears to have been confirmed by the 

T A B L E IX 
PYRITHIAMINE AND RAT TISSUE TRANSKETOLASE ACTIVITY: 

FORMATION OF H E X O S E 0 

Thiamine adequate Thiamine deficient 

Tissue No addition Plus pyrithiamine No addition Plus pyrithiamine 

Erythrocytes 1.1 0.50 0.41 0.47 
Intestine 7.9 7.6 5 .3 5 .3 
Liver 35.3 35.4 26 .2 29.6 
Kidney 27.7 19.8 9 .2 9 .3 
Brain 6 .4 5.8 6.2 3 .5 

a Each value represents the average for six rats. All values in milligrams of hexose 
formed per milliliter of hemolysate per hour and per gram of tissue per hour for the ap
propriate assay measure. Data previously presented in abstract (30). 

use of the transketolase assay as a functional measure of thiamine 
availability. 

(4) Amprolium. Amprolium when added to the diet is a potent 
poultry coccidiostat, but results in vitamin Bi-deficiency if administered 
in excessive amounts (34). When added to vitamin Bi-adequate diets 
at a level of 10 mg per gram (10,000 ppm) it was shown that the trans
ketolase activities of red cells, liver, kidney, heart, and intestine were 
depressed, as shown in Table XI (35). However, when amprolium was 
added to vitamin Bi-deficient diets, the effects were no greater than those 
caused by the deficiency alone. Brain transketolase activity was unaf
fected in either case. [In this study a procedure was also presented for the 
assay of transketolase activity by the formation of sedoheptulose from 
pentose (35).] I t was apparent from these data that the amprolium 
interfered with the utilization of dietary thiamine, possibly at the level of 
absorption. This effect has now been studied in some detail (36). 
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T A B L E XI 
EFFECTS OF AMPROLIUM ON THE TRANSKETOLASE ACTIVITY OF RAT T I S S U E S 0- 6 

Tissue A Β C D 

Formation of hexose 
Erythrocytes 894 + 31 294 ± 17 250 ± 11 238 ± 26 
Liver 34. 2 ± 0. 4 24.6 ± 2 .3 14.8 ± 1. 5 14. 0 ± 0. ,8 
Kidney 22. 0 ± 1. 1 8.8 ± 0 .4 6.3 ± 0. 1 5. 5 ± 0. .4 
Heart 1. .8 + 0. 3 0.9 + 0.1 0.9 ± 0. 1 0. .8 ± 0 
Intestine 7. 1 ± 0. 1 4.7 ± 0.2 3.9 ± 0. 1 3. 4 ± 0 
Brain 5. 0 ± 0. ,3 4.8 ± 0 .2 4.8 ± 0. .1 4. .7 + 0. 1 

Utilization of pentose 

Erythrocytes 1584 ± 19 1151 ± 29 1029 ± 21 1045 ± 38 
Liver 52 .9 ± 0, .9 42.9 ± 1.8 34.4 ± 1. 6 30. .5 + 3. 2 
Kidney 43 .1 + 0 .8 33.3 ± 0 .4 28.9 + 1. .5 28. .6 ± 0. .7 
Heart 6 .6 ± 0 .1 4.9 ± 0 .2 4.9 + 0, .1 4 .7 ± 0, .1 
Intestine 11 .6 ± 0 .1 8.7 ± 0 .4 7.9 ± 0, 3 7, .7 ± 0 .2 
Brain 8, 6 ± 0 .2 8.9 ± 0.2 8.7 ± 0, .2 8, .6 + 0. .2 

Formation of sedoheptulose 

Erythrocytes 589 ± 45 285 ± 18 212 ± 13 235 ± 24 

a Data are presented as mean ± standard error for five rats in groups A and C, 
and for six rats in groups Β and D. Transketolase activity is expressed as micrograms 
per milliliter of hemolysate per hour and as milligrams per gram tissue per hour for 
the appropriate assay measure. 

h Reproduced by permission of Toxicol. Appl. Pharmacol. (35). A = vitamin 
Bi-adequate; Β = vitamin Bi-adequate plus amprolium; C = vitamin Bi-deficient; 
D = vitamin Bi-deficient plus amprolium. 

2. Sensitivity and Specificity of the Method 
to Other Nutritional Deficiencies 

a. In Rats. In order for an assay to be used to evaluate nutritional 
status, it must at least be demonstrated that it is specific for a given 
nutrient. I t has already been noted, in rats and man, that when eryth
rocyte transketolase activity was depressed by vitamin Bi deficiency, 
the system could usually be activated by TPP. However, it was of interest 
to determine the effects of other nutrient deficiencies on the activity of 
this enzyme. Groups of rats were placed on diets deficient in thiamine, 
pyridoxine, and riboflavin, and varying in the protein level (26). The 
data are presented in Table XII . I t was noted that the vitamin Bi-defi-
cient rats maintained their weight over the 2-week period but showed 
reduced enzyme activity. On the other hand, pyridoxine- and riboflavin-
deficient rats lost weight with no effect on enzyme activity [The spe
cificity in pyridoxine deficiency has since been confirmed (29).] Growth 
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varied with the protein level in this study, but enzyme activity was 
independent of the level of protein. At least for this 2-week experimental 
period, the enzyme effect was specific for vitamin Bi deficiency. 

b. In Other Species. Similar studies, with essentially similar findings 
with regard to transketolase activity and/or the TPP effect, have been 
reported for the pigeon (37), the duck (38), and the dog (39). Of interest 
was the observation that rat tissues did not show a TPP effect while 
dog tissues did. 

A microassay has been presented (40, 41) which employed essentially 
the same buffers and substrates as previously described (17), except that 

T A B L E X I I 
EFFECTS OF GRADED LEVELS OF DIETARY PROTEIN AND OF PYRIDOXINE AND 

RIBOFLAVIN DEFICIENCIES ON RAT ERYTHROCYTE HEMOLYSATE TRANSKETOLASE0 

Transketolase Body weight 
Nutrient Level activity6 (gm) 

Thiamine Complete diet 837 110.9 
Vitamin Bi-deficient diet 296 109.1 

Pyridoxine Complete diet 930 103.7 
Vitamin Be-deficient diet 989 88.2 

Riboflavin Complete diet 994 114.4 
Vitamin B2-deficient diet 992 94.1 

Protein (casein) 5% of diet 1168 99.3 
10% of diet 1200 116.8 
15% of diet 1085 134.2 
20% of diet 1165 126.8 
25% of diet 1220 139.2 

α Reproduced by permission of Ann. N.Y. Acad. Sci. (26). Each value represents 
ten animals per group. Duration of test was 14 days. 

6 Values in micrograms of hexose per milliliter per hour. 

the read-out was sedoheptulose. This was determined by a method (42) 
which was different from that which we described (21). [This assay was 
suggested to us by Dr. C. Sie, and has since been published (43).] The 
microassay permitted no control over the volume of cells studied, and 
therefore allowed some variability; in addition, the sedoheptulose assay 
required at least 5 hours before the read-out was available. However, 
erythrocyte transketolase activity was markedly diminished in vitamin Bi 
deficiency with the assay. Other workers have also confirmed the thiamine 
effect on transketolase activity (29, 43). In one case (29) a spectro
photometry assay was described which was coupled to 3-phospho-
glyceraldehyde dehydrogenase. Unfortunately, this assay was not suitable 
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for erythrocytes. Two other reports have appeared in which variations 
were shown in plasma transketolase activity in various disease states 
(44, 45) and in vitamin Bi deficiency (45). 

c. In Man. In order to establish criteria by which the hemolysate 
transketolase assay might be used to designate nutritional status in man, 
it was necessary to establish certain relationships between subjective and 
objective clinical findings, and the biochemical effects, i.e., transketolase 
activity, excretion of urinary thiamine, and blood pyruvate. A series of 
studies was done with young male volunteers as subjects, in which half 
of the group was fed a relatively palatable diet containing approximately 
200 μg of thiamine per day, while the others were given complete daily 
vitamin supplements (26). Neither the subjects nor the chemists nor the 
attending physician knew which individuals were unsupplemented. Sub
jective and objective clinical findings were recorded weekly, and blood 
and urine samples were taken at least weekly, as required. 

There were no significant objective clinical findings in the course of the 
study, with the exception of body weight loss. Some of the test findings 
are shown in Fig. 6. The body weights of the deficient individuals were 
maintained for 3 weeks, after which losses became evident. I t was of 
interest that the weight loss continued after thiamine was administered 
at 42 days. Urinary thiamine levels dropped markedly and rapidly to 
minimum levels of 10 days, and remained low until thiamine was given. 
The lowest curve in Fig. 6 represents data obtained on the carbohydrate 
index, which was described as a measure of pyruvate metabolism, and 
for which an index of 15 or higher suggests a Bi deficiency (46). In 
this study none of the deficient individuals reached that level of carbo
hydrate index. However, a marked divergence between the deficient 
and control groups was noted at 21 days, and this disappeared promptly 
after thiamine therapy. Evidently there was a real difference between the 
two groups. The effects on transketolase activity are shown in Fig. 7. 
As shown in the upper curves, it was evident that a rapid initial fall in 
enzyme activity occurred in deficient red cells during the first 10 days. 
This was followed by a progressive and continual decline until thiamine 
was administered. Transketolase activity was maintained in the thiamine-
supplemented individuals. In the lower curves are plotted data for the 
TPP effect. This is the percentage stimulation of enzyme activity follow
ing the addition of TPP to the hemolysate before incubation with the 
substrate. While the TPP effect remained below 10% in all of the control 
individuals for the entire study, it rose to 15% (with the exception of one 
observation) in the deficient samples by 8 days, and to over 20% at 
21 days. This effect in the deficient group decreased rapidly following 
thiamine therapy. 
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These relationships formed the basis for suggesting criteria for the 
evaluation of thiamine nutritional status. Since a TPP effect of 15% was 
achieved rapidly on a low-thiamine diet before there were any clinical or 
subjective findings, or before appetite was affected, it was considered 
that values up to 15% are probably tolerable for continued health. In 
addition, loss of both appetite and body weight were associated with a 
TPP effect of about 25%. I t was suggested therefore that values in excess 

J I I I I I L_ 
10  2 0  3 0  4 0  5 0  6 0  7 0 

DAYS ON TEST 

FIG. 6 . Effects of thiamine deficiency in man on body weight, urinary excretion 
of thiamine, and carbohydrate index. The deficient group of four men consumed 
approximately 190 Mg of thiamine daily, and were repleted (shown by arrow) after 
6 weeks on the diet. Reproduced by permission of Ann. Ν. Y. Acad. Sci. ( 2 6 ) . 

of 25% were indicative of a clinical deficiency for thiamine. Intermediate 
values were then considered indicative of marginal deficiency (12). 

Some clinical cases for which these values have been determined are 
presented in Table XI I I (12). Eight patients are presented, plus the 
average values for twenty-nine healthy subjects. Six of the eight patients 
were alcoholics; cases 5 and 6 had markedly reduced food intake for other 
reasons. Patient 3 had Wernicke's opthalmoplegia. In patients 1-4 the 
deficiency levels of TPP effect disappeared shortly after vitamin Bi ther
apy. In patients 3 and 7 the TPP effect disappeared more slowly; this 
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was probably related to the oral therapy in these cases instead of par
enteral treatment with thiamine as in the others. Blood samples were 
drawn at shorter time intervals after repletion therapy in cases 6-8. 
I t was noted that the TPP effect was essentially eliminated within 2 hours 
following parenteral treatment with thiamine. In case 4, attainment of 
normal enzyme activity values was delayed for a week, although the 
TPP effect was eliminated within 24 hours; clinical improvement was 
also delayed in this individual. In cases 5  and 7, in which urinary 
thiamine levels were also determined, both the urinary values and the 

FIG. 7. Effects of thiamine deficiency in man on erythrocyte hemolysate transketo
lase activity as shown by depressed formation of hexose and the enhanced activity 
observed after adding TPP to the hemolysate. The deficient group was repleted at 
6 weeks (as shown by arrow). Reproduced by permission of Ann. Ν. Y. Acad. Sci. (26). 

TPP effect values were in the deficiency range. A teaching film has 
appeared on this subject (47). 

The following finding was significant: treatment with parenteral 
thiamine eliminated the TPP effect within 2 hours and generally raised 
the enzyme activity to the normal range. I t was apparent then that : 
(i) Thiamine-deficient erythrocytes have an amount of apotransketolase 
in excess of the equivalent amount of TPP which is available. Although 
this conclusion is the subject of controversy (48), there is ample data from 
the studies described here and by others (43, 49) to support it. (ii) The 
red cell can convert the administered thiamine into TPP, which combines 
with the apoenzyme and results in greater enzyme activity, (iii) In 
severely malnourished individuals, there may be a deficit of both apo
enzyme and coenzyme. However, if the malnourishment includes thia
mine deficiency, the coenzyme deficit is greater so that the apotransketo-
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T A B L E X I I I 
EFFECTS OF ADMINISTRATION OF THIAMINE TO SUBJECTS WITH SUSPECTED 

THIAMINE DEFICIENCY ON ERYTHROCYTE HEMOLYSATE TRANSKETOLASE0 

Transketolase 
activity 

TPP 
Subject before and No Plus Effect 

after treatment addition TPP (%) 

1. Before 606 1004 65 
After: 2 days 1002 1087 8 
After: 4 days 937 1032 10 

2. Before 812 1034 27 
After: 6 days 1015 1101 9 

3. Before 466 708 52 
After: 2 days 998 1024 3 
After: 8 days 945 974 3 

4. Before 598 841 41 
After: 1 day 684 895 31 
After: 3 days 662 716 8 
After: 6 days 1054 1012 0 

5. Before 732 1055 44 
After: 2.5 hours 1012 1077 6 
After: 8 hours 1034 1034 0 

(Urine: 11.8 μg of thiamine per 15 hours)6 

6. Before 431 646 50 
After: 2.5 hours 775 814 5 
After: 24 hours 775 874 13 
After: 48 hours 861 861 0 
After: 7 days 840 969 15 

7. Before 728 1098 51 
After: 2 hours 856 1100 28 
After: 24 hours 848 977 15 
After: 8 days 1141 1120 0 

(Urine: 6.9 Mg of thiamine per gram of creatinine)6 

8. Before 884 1076 22 
After: 2 hours 1153 1076 0 
After: 6 hours 999 1057 6 
After: 22 hours 1249 1249 0 

9. Controls 1051 ± 24c 1106 5 

a Reproduced by permission of J. Am. Med. Assoc. (12). All values in micrograms 
per milliliter hemolysate per hour. 

6 Criteria for deficiency are less than 40 Mg of thiamine per 24 hours, or 27 /xg of 
thiamine per gram of creatinine, respectively. 

c Presented as mean ± S E for twenty-nine healthy subjects. 
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lase which is present is unsaturated for thiamine. For instance, in case 6 
the therapy eliminated the TPP effect rapidly, but total enzyme activity, 
albeit enhanced, did not reach normal levels for between 2 and 8 days. 
Observations by others, in cases of severe liver disease, have also shown 
increased enzyme activity, although not to normal levels. Accordingly, 
a deficiency of apoenzyme was suggested (50, 51), and we agree with this. 
Our conviction, however, is that the critical measure in the assay as 
applied to man is the TPP effect, as this relates not to the amount of 
enzyme present but, rather, to the proportion of the total potential 
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F I G . 8 . Effect of 1 mg of thiamine daily on transketolase activity in the fasting 
subject (M.S.), as compared with a period of no thiamine. Reproduced by permission 
of Arch. Internal Med. (52). 

enzyme titer which was depleted of thiamine cofactor. I t is the latter, 
then, which reflects the extent of thiamine saturation in the metabolic 
system. 

Additional work with similar groups of volunteer subjects suggested 
that 0.5 mg of vitamin Bi per day would suffice to prevent the appearance 
of a TPP effect (hexose) within a reasonable period of time (51a). In 
support of this, it was later demonstrated that a TPP effect in excess of 
15% appeared within 4 days when subjects were maintained on a total 
fasting regime, with the exception of the intake of water, tea, or coffee 
(52). The administration of 1 mg of thiamine daily prevented the onset 
of a TPP effect (hexose), and maintained the patient for about 4 to 6 
days after therapy was stopped (Fig. 8). I t was also shown that 0.5 mg 
of thiamine daily during fasting prevented an adverse TPP effect, but 
that this dose must be given daily (Table XIV). Considering that the 
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T A B L E XIV 

EFFECT OF DAILY MAINTENANCE D O S E OF 0.5 MG OF THIAMINE ON 
TRANSKETOLASE ACTIVITY AND THE TPP EFFECT 0 

Patient and period 
Time sequence 

(day) No TPP& + TPP* 
TPP Effect 

(%) 

G.W. (fasting) 1 981 1078 21 .0 
Thiamine (0.5 mg i.m. daily) 2 (0 hours) 835 985 18.0 

2 (2 hours) 985 985 0 .0 
3 914 985 7 .8 
5 961 1055 9 .8 
7 821 867 5 .6 
9 869 914 5 .4 

Control (diet, no thiamine) 10 760 853 12.2 
11 867 914 5 .4 
12 844 938 11.1 

T.C., control 1 
2 
3 

1015 1084 6 .8 

Fast 

4 

5 
6 
7 

1061 1107 4 .3 
/ 
8 900 1038 15.3 

Thiamine (0.5 mg i.m. daily) 9 — — — 
10 
11 

1001 1049 4 .0 

12 
13 
14 

897 984 9 .7 

Control (diet, no thiamine) 15 
1  fi 

858 953 11.1 
1U 
17 849 938 10.5 
18 
19 

° Reproduced by permission of Arch. Internal Med. (52). Diet contained 524 /*g of 
thiamine per daily feeding. 

6 Values in micrograms of hexose per milliliter per hour. 

chemical analysis of the diet used in this study showed it to contain 524 μg 
of thiamine and that the TPP effect increased slightly upon feeding the 
diet, it appeared that either the injected thiamine was somewhat more 
available than that found in the diet, or that additional thiamine was 
needed for the utilization of the diet over and above the basal requirement 
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during fasting. The results suggested that the minimum daily requirement 
for thiamine on a calorie-free regime was of the order of 0.5 mg per day, 
or perhaps slightly less. 

The transketolase assay has been recently applied to the evaluation of 
the nutritional status of ten elderly patients in a private community 
home. A fine correlation between urinary thiamine excretion and the T P P 
effect was demonstrated (53). Four of the ten subjects were considered 

T A B L E X V 
A THIAMINE EVALUATION OF TWO-HUNDRED AND THIRTY-FOUR ELDERLY 

SUBJECTS BY THE U S E OF DIFFERENT CRITERIA" 

Criteria Definitive thiamine status 

Deficient Low Adequate High 
Urinary thiamine excretion 

I C N N D (% of group) 18 19 21 42 
(Mg/gm of creatinine) 0-27 27-65 66-130 130 + 

Pearson (% of group) 21 33 19 26 
Gug/gm of creatinine) 0-33 33-96 97-165 165 + 

Deficient Marginal Adequate 
Transketolase activity (red blood cells) 

Hexose formation (% of group) 3 17 81 
(^g/rnl of hemolysate/hour) 0-699 700-799 800 + 

TPP effect (hexose) (% of group) 0 5 95 
(%) 0-14 15-24 25 + 

TPP effect (pentose) (% of group) 1 7 92 
(%) 0-14 15-24 25 + 

° Reproduced by permission of Am. J. Clin. Nutr. (22). The value ranges for 
each criterion are presented in italics below the experimental data in each case. 

thiamine-poor on the basis of the biochemical studies despite an average 
calculated daily dietary intake of thiamine of 0.704 mg. 

The latter study suggested the desirability of surveying a larger popu
lation of our senior citizens. Three different groups were studied as fol
lows: eighty-seven subjects from a large county home, one-hundred and 
two from a free-living population, and forty-five patients at a veteran's 
hospital (22). The summary percentages for the total population which 
fell into the categories of deficient, marginal, or adequate for thiamine are 
presented in Table XV. These data were calculated on the basis of the 
criteria of the ICNND (10), Pearson (54) for urinary thiamine, or Brin 
(12) for transketolase activity; the criteria are shown in the table in each 
case. I t was of interest that while 37 % and 54 % of the group were below 
adequate by the ICNND and Pearson criteria for urinary thiamine, 
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respectively, only 20% were below adequate by the hexose parameter 
in the transketolase assay, and only 5-8% were inadequate by the TPP-
effect measures. 

The discrepancies in the size of the deficient group, as determined by 
the various criteria, remain to be resolved. Considering that the indi
viduals surveyed were ambulant, lucid, and physically active well-aged 
people, we suspect that they were closer to being biochemically adequate, 
as shown by the transketolase data, than deficient, as shown by the urine 
data. These data might point to the limitations of a "casual" urine sample 
obtained during the day and which might reflect recent intake. For 
instance, the criteria by which the urine data were judged were established 
on the basis of experience with post absorptive samples drawn between 12 
and 6 A.M. (10). This procedure, of course, is not feasible under ordinary 
survey conditions, and therefore modified criteria may need to be devel
oped. The transketolase assay, however, should not be as sensitive as 
urine to diurnal variations, and it is felt that the biochemical nutritional 
status of the subjects was truly reflected in the TPP-effect data. 

In another study, four-hundred and four adolescents from three 
schools of varying socioeconomic status were evaluated for thiamine and 
other nutrients (55). Ten subjects with TPP-effect values over 15% had 
a low breakfast thiamine intake,1 and a lower-than average (for the group) 
urinary excretion of thiamine. The data are presented in Table XVI. In 
the total school group, according to ICNND criteria for urine thiamine 
for young male adults (10), 3 % of males and 10% of females were in the 
below-adequate category (Fig. 9). However, when the data were plotted 
against individual age groups, according to the Pearson tentative guide 
(54), 25% of the males and 50% of the females were below adequate 
(Fig. 10). Of interest was the fact that less than 10% of the entire group 
had TPP-effect values greater than 15% (Fig. 11). Evaluation by the 
transketolase assay suggested a smaller proportion of the population as 
being inadequate for thiamine than by the Pearson criteria for urine, but 
similar to that suggested by the ICNND criteria for urinary thiamine. 

In the study of adolescents, Pearson product-moment correlation 
coefficients were calculated to reveal the statistical relationships between 
the transketolase parameters. Highly statistically significant (P < 0.001) 
positive correlations were found for the comparison of pentose disappear
ance with hexose formation and TPP effect (pentose) with TPP effect 
(hexose), and negative correlations for comparing TPP effect (pentose) 
with pentose utilization and TPP effect (hexose) with hexose formation. 

1 It was felt that a dietary history for breakfast might be obtained with reasonable 
accuracy. No prior assumptions were made as to the relationship between breakfast 
intake and other food consumption. 
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TABLE X V I 
TRANSKETOLASE VALUES WITH TPP EFFECTS ABOVE 15% FOR BOTH 

HEXOSE AND PENTOSE FOR JUNIOR HIGH SCHOOL STUDENTS'1 

Hexose Pentose Urinary 
"4" Vl 1 Q TV* b l l l c l l l l l l l t; JDI c d i vl Ha L 

Formation TPP Effect Utilization TPP Effect (/ig/gm of thiamine 
Sex (/ig/ml/hour) (%) (/ig/ml/hour) (%) creatinine) (mg) 

School Μ 
F 685 15.8 1011 17.1 413 0.08 
F 698 15.3 905 16.5 136 0.00 
Μ 557 15.8 980 20.8 144 0.12 
Μ 901 27.7 1496 16.9 — 0.15 
Μ 621 16.4 1078 21.8 184 0.31 
F 780 30.8 1475 15.3 124 0.00 

School L 
F 567 19.0 900 15.7 58 0.03 
F 627 16.1 998 16.5 60 0.03 
Μ 1089 16.1 1302 19.4 198 0.08 
F 960 27.4 1486 22.7 86 0 .00 

Average 748.5 1163.1 155 0.08 

α Reproduced by permission of Am. J. Clin. Nutr. (55). 

Thiamin e  excretio n 

•  Male  (18 0  subjects ) 

•  Femal e  (18 8  subjects ) 

/xg/g m  Creatinin e 

FIG. 9. Percentage distribution according to the urinary excretion of thiamine for 
male and female junior high school children. Classifications of "deficient," "low," 
''acceptable," and "high" are I C N N D standards for the 25-year-old physically active 
man. Reproduced by permission of Am. J. Clin. Nutr. (55). 
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Thiamin e  excretio n 

•  Mal e  (17 0  subjects ) 

•  Femal e  (17 9  subjects ) 

Classificatio n (Pearson ) 

FIG. 10. Percentage distribution according to the urinary excretion of thiamine of 
12-, 13-, 14-, and 15-year-old male and female junior high school children. Classifica
tions of "deficient," "low," "acceptable," and "high" are according to Pearson. 
Reproduced by permission of Am. J. Clin. Nutr. (55). 
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line," and "acceptable" are according to Brin (55). Reproduced by permission of 
Am. J. Clin. Nutr. (55). 
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Additional statistical analyses have been made on a series of two-hun
dred and ten hospital cases which were submitted because of suspected 
thiamine deficiency (56). Of these, one-hundred and forty-three, or 68%, 
had normal transketolase activity and TPP-effect values of 14.9% or less. 
Also, twenty-three, or 11% were in the marginal TPP-effect range, and 
forty-four, or 21 %, were in the deficient range. Therefore, only about one-
third of the suspected individuals showed a measurable biochemical defect 
for thiamine. The data are presented in Table XVII as they distributed 
into the three adequacy groups, for TPP effect (hexose) and TPP effect 
(pentose), respectively. In our laboratory, we have used the TPP effect 

T A B L E X V I I 
STATISTICAL PRESENTATION OF THE MEASURES OF ERYTHROCYTE TRANSKETO

LASE ACTIVITY IN TWO-HUNDRED AND T E N HUMAN SUBJECTS SUSPECTED 
OF THIAMINE DEFICIENCY BY CLINICAL CRITERIA" 

Number Hexose TPP effect Pentose TPP effect 
TPP effect of formation (hexose) utilization (pentose) 

(range) samples (Mg/ml/hour) (%) Gug/ml/hour) (%) 

Distributed for TPP effect (Hexose) 
0-14.9 143 974.7 ± 204.2 

15-24.9 23 762.2 ± 96.0 
25 or more 44 529.6 ± 164.5 
Distributed for TPP effect (Pentose) 

0-14.9 160 933.2 ± 221.8 
15-24.9 32 715.3 ± 213.3 
25 or more 18 445.1 + 132.9 

5.6 + 4 .5 1608.1 + 271 6.7 + 5 .3 
18.6 + 2.7 1405 + 182 12.6 + 5.9 
50.1 + 31.7 1151.3 + 223 23.9 + 14.5 

9.24 + 10.2 1589.3 + 266 6.4 + 4 .2 
23.8 + 19.8 1283.1 + 204 18.3 ± 3 .0 
66.1 + 41.1 1349 + 165 38.4 + 11.4 

° As arranged by the TPP effect (hexose) suggested criteria for thiamine status. 
Previously unpublished findings prepared by Brin et al. (56). All values represent 
mean + standard error. 

(hexose) primarily as the basis for thiamine status evaluation, as it 
appeared to be more sensitive (i.e., yielded a higher numerical value) 
than did the TPP effect (pentose) measure. For transketolase data, 
generally, we suggest that values for enzyme activity which are obtained 
directly from the enzyme assay (i.e., hexose formation and pentose utiliza
tion) be used as guides of apoenzyme availability, while the derived TPP-
effect data be used for thiamine status evaluation. This permits one to 
separate a possible apotransketolase defect from the thiamine saturation 
factor, the latter usually being of the primary interest. 

In addition, scatter diagrams were made for the relationships for these 
data (56) between hexose formation and TPP effect (hexose) (Fig. 12) and 
hexose formation and pentose utilization (Fig. 13). In Fig. 12 a definite 
relationship was clearly evident where hexose formation was less than 800 
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per milliliter of hemolysate per hour and the TPP effect (hexose) was 
in excess of 15%. Because the biochemical relationship of these two mea
sures becomes more definite beyond these values, we feel that the use of 
these cutoff points as measures of adequacy is supported. In Fig. 13, the 
direct relationship between these measures of transketolase activity is 
clearly apparent at all values. 

é 1 1 1 1 1 1 1 1 
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60h 

5 θ ί 

40 
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200 400 600 800 
HEXOSE 

v · * · · · . · . · 
•  · ö · · 

• f ·  ·  ·  —, ·  — y < 1000 1200 1400 1600 

F I G . 1 2 . A scatter diagram of the transketolase assay values for hexose formation 
and T P P effect (hexose) for two-hundred and ten subjects. A clear relationship is seen 
between these for T P P effect (hexose) values in excess of 1 5 % (P < 0 . 0 0 1 ) . 

One might infer from the data presented in Fig. 12, that the body has 
about 15% more enzyme potential than is the minimum necessary to 
maintain health; this conclusion may require additional evidence, of 
course. However, it would appear that this relationship lends support to 
the basis for establishing the thiamine evaluation criteria for marginal 
deficiency states. 

The fact that we can measure the adequacy of a person for a nutrient 
on the basis of its adequacy for metabolic work is intriguing, because such 
an assay result is meaningful for each individual at the enzyme level, and 
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F I G . 13. A scatter diagram for the transketolase assay values of hexose formation 
and pentose utilization. A significant relationship between these two assay values is 
clearly evident (P < 0.001). 

is independent of the variables of the absorption factor in load tests, 
kidney clearances in urinary excretion studies, tissue storage in blood 
level studies, and recent dietary intake and/or clinical findings. Further
more, the functional assay for thiamine deficiency by the use of the TPP 
effect of erythrocyte transketolase activity, permits one to reveal marginal 
deficiency even in the absence of clinical signs, and to specifically differ
entiate thiamine inadequacy from other nonspecific clinical pathological 
states. 

III. METHODS 

A. General Description 

1. Principle 

Transketolase is an enzyme which requires TPP (a phosphorylated 
form of vitamin Bi) for activity.2 I t functions in the metabolism of pen-

2 The material of Section III is presented by permission of American Journal of 
Clinical Nutrition (22). 
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tose phosphate sugars, as shown in Fig. 3 (17). In the assay, one incubates 
hemolyzed erythrocytes from the suspected individual with ribose 5-
phosphate, both with and without added TPP. In vitamin Bi deficiency, 
it is found that the disappearance of pentose phosphate is reduced, as is 
the formation of hexose phosphate (fructose 6-phosphate plus glucose 6-
phosphate). In a person with adequate levels of thiamine, the added T P P 
has little effect on enzyme activity. In vitamin Bi-depleted persons, 
however, the added TPP results in increased hexose formation, which 
shows that the transketolase enzyme was not saturated with thiamine 
pyrophosphate. From controlled studies it is suggested that a TPP effect 
in excess of 15% is suggestive of marginal thiamine depletion, although 
clinical thiamine deficiency is usually associated with a TPP effect in 
excess of 25%. This test is, therefore, a functional test of thiamine 
deficiency. 

2. Specimen 

Generally, one collects 10 ml of heparinized blood. This is enough 
for four assays, if necessary. Both ethylenediaminetetraacetate (EDTA) 
and oxalated blood have also been used successfully. For diagnostic 
use, it is mandatory to obtain the blood upon admission and absolutely 
before the institution of any oral or parental therapy or eating. This is 
necessary because the erythrocyte assay is so sensitive to available 
thiamine that the biochemical lesion in erythrocytes can be reversed 
within minutes of thiamine therapy. 

The blood is stable at room temperature for a period of hours, and 
for 2 to 3 days when refrigerated. The prepared hemolysate retains 
activity for at least 3 months when frozen. Stability beyond these condi
tions has not been evaluated. 

3. Reagents 

The reagents used are (a) hemolysate, (b) "B" buffer, (c) T P P , 3 

(d) substrate ribose 5-phosphate (R-5-P),3 (e) 7.5% trichloracetic acid 
(TCA), (f) hexose standard solutions, (g) an throne, (h) pentose standard 
solutions, and (i) orcinol. They are prepared as follows. 

a. Hemolysate. Centrifuge the heparinized whole blood in graduated 
centrifuge tubes at a high speed for 30 minutes. Remove the plasma and 
buff y coat by suction. Add a volume of distilled water equal to the volume 
of the packed cells. Suspend the cells in the water. Place the suspension 
in a vial and freeze, and thereby hemolyze, the cells. (Tip the vial to mini
mize the possibility of breakage on freezing.) 

b. "B" buffer. Mix 40 ml of 0.9% sodium chloride (9 gm/1000 ml), 
3 Nutritional Biochemical Corporation, Cleveland, Ohio. 
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1030 ml of 1.15% potassium chloride (11.5 gm/1000 ml), 200 ml of 1.75% 
potassium dihydrogenphosphate, pH 7.4, (17.5 gm + 18-20 ml of 1 Ν 
hydrochloric acid per 1000 ml), 10 ml of 3.82% magnesium sulfate with 
7 parts of water. 

c. TPP. For TPP stock solution, dissolve 25 mg of TPP in 25 ml of 
" B " buffer (1 mg of TPP per 1 ml). For TPP working solution, 1 part of 
thawed stock TPP solution is diluted with 8 parts of " B " buffer. Dis
tribute 1 to 2 ml into small vials and freeze. 

d. Substrate R-5-P. Place 3.24 gm of barium R-5-P in a 100-ml beaker 
and add 8.5 ml of 1 iV hydrochloric acid. Stir until dissolved. Add 45 ml 
distilled water and distribute into four 40- or 50-ml centrifuge tubes. 
Rinse beaker and add washings to the tubes. To each of the four tubes 
is added 2 ml of a saturated aqueous solution of disodic sulfate. Stir well, 
and allow to precipitate in the cold room for 15 minutes. When settled, 
add about 0.5 ml of disodic sulfate dropwise to determine whether pre
cipitation was complete. If no further turbidity occurs, centrifuge the 
tubes for 5 minutes at high speed. Test again with 1 or 2 drops of disodic 
sulfate. Decant supernatants of the four tubes into a 250-ml Erlenmeyer 
flask. Wash the barium sulfate residues in each tube 3 times with about 
5 ml of water. Centrifuge after each washing and add the supernatants to 
the Erlenmeyer flask. Adjust with 5 Ν potassium hydroxide to approxi
mately pH 7.0 with indicator paper and then to pH 7.4 with a pH meter. 
Filter if turbid. The volume will be approximately 125 ml; however, the 
actual volume must be determined. Assay this solution for ribose by the 
orcinol method and adjust the total volume so that the final concentra
tion is 7.0 mg of ribose per milliliter of solution or 1400 μg of ribose per 
0.2 ml of solution (R-5-P gives a different color equivalent per mole than 
ribose with orcinol). Distribute into small vials of approximately 10 ml per 
vial and freeze. (Sodium R-5-P may be available: dissolve and standardize 
to the final concentration of 7.0 mg of ribose per milliliter as described.) 

e. 7.5 % TCA. Dilute two 0.25-lb bottles (113 gm per bottle) to 3 
liters with distilled water. Keep in a cold room. 

f. Hexose Standard Solutions. For glucose stock solution (D-glucose) 
make a 1 mg per milliliter aqueous glucose stock solution with distilled 
water. Store in the refrigerator. For hexose working standard (100 Mg  hex
ose per milliliter) dilute the aqueous glucose stock solution with 7.5% 
TCA to yield a 100 Mg  per milliliter solution. 

g. Anthrone Reagent.* For a 66% sulfuric acid solution add 660 ml of 
concentrated sulfuric acid with care to 340 ml of water. Let cool. (This will 
not make a liter.) Dissolve 0.5 gm of anthrone and 10.0 gm of thiourea 

4 Eastman Distillation Products Industries, Division of Eastman Kodak Com
pany, Rochester, New York. 
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in 66% sulfuric acid by heating to 60° or 70°C. (Do not exceed 99°C.) Cool 
to room temperature. At room temperature add 66% sulfuric acid to make 
1 liter. Store in refrigerator. 

h. Pentose Standard Solutions. For D-ribose stock solution make a 
1 mg per milliliter D-ribose stock solution in distilled water. Store in 
refrigerator. For pentose working standard (10 Mg  per milliliter), dilute 
the D-ribose stock solution to 100 ml with distilled water to yield a 10 Mg 
per milliliter solution. 

i. Orcinol Reagent.5 For 30% hydrochloric acid solution add 3 parts 
of concentrated hydrochloric acid to 1 part water (i.e., add 1500 ml of 
concentrated hydrochloric acid to 500 ml of water). Dilute 4.0 gm of 
orcinol and 0.2 gm of ferric chloride to 100 ml with water. Dilute this to 
2 liters with 30% hydrochloric acid. 

B. Procedures 

1. Macromethod 

a. Incubation Procedure. A group of three test tubes is set up for each 
hemolysate—the number of groups depending upon choice to run single, 
duplicate, or triplicate tubes. Label these test tubes A, B, and D as indi
cated in Table XVIII . In addition, set up two or more "R" tubes using 
physiological saline solution for the hemolysate. 

The total number of milliliters for each test tube is 7.15. Tube A is 
hemolysate without TPP. (The "B buffer" is added in appropriate vol
umes so that all tubes have the same final volume.) Tube Β contains 
hemolysate with TPP. Tube D is a blank which is used to determine the 

T A B L E X V I I I 
INCUBATION DETAILS FOR MACROTRANSKETOLASE ASSAY" 

TPP Incuba Incuba
Hemo "B" working tion time tion time 
lysate buffer solution at 38°C R-5-P at 38°C 7.5% TCA 

Tube (ml) (ml) (ml) (minutes) (ml) (minutes) (ml) 

A 0 .5 0.45 — 30 0 .2 60 6.0 
Β 0.5 — 0.45 30 0.2 60 6.0 
D 0.5 0.65 — — — — 6.0 
II h 0.45 — — 0.2 — 6.0 at 0 

time 

a All tubes mixed on Vortex mixer prior to incubations and after TCA addition. 
6 Saline solution (0.5 ml) used instead. 
5 Fisher Scientific Company, New York, New York. 
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amount of hexose and/or pentose endogenous to the sample. Tube R 
contains substrate and is used as a basis for determining the ribose uti
lized. 

The A and Β tubes are initially incubated at 37°C for 30 minutes (as 
shown in Table XVIII) to allow the enzyme to combine with the co
enzyme (TPP) before the substrate is added. Then 0.2 ml of R-5-P are 
added by means of a 1-ml graduated pipette, noting the time and order 
of each addition. Shake well on a Vortex mixer and replace in bath. Exactly 
60 minutes later, add the 6.0 ml of TCA in the same tube order and tube 
time interval as in the substrate addition. Shake vigorously on the Vortex 
mixer to assure quick denaturation of all protein. Centrifuge at a high 
speed for 10 minutes. The protein-free filtrates are used for determining 
the hexose formed (by the anthrone method) and the pentose utilized 

T A B L E X I X 
DETERMINATION OF HEXOSE FORMATION IN TRANSKETOLASE ASSAYS1 

Filtrate Hexose* 
7.5% 
TCA 

Anthrone 
(cold) 

All incubation tubes 1.0 — 10.0 
50 / ig standard — 0.5 0 .5 10.0 
100 /*g standard — 1.0 — 10.0 
Blank — — 1.0 10.0 

° All values in milliliters. All tubes mixed on Vortex mixer, placed in 
boiling water bath for 10 minutes, cold water bath for 5 minutes, and 
in the dark for 20 minutes. 

6 Hexose solution contains 100 jug per milliliter. 

(by the orcinol method). The filtrates may be stored in the cold room for 
up to 5 days and the chemical analyses run subsequently. 

b. Determination of Hexose Formed in Reaction. Use one reaction tube 
for each incubation tube. The R tubes are not analyzed since they contain 
only the original substrate R-5-P. Standards are always run in duplicate 
(see Table XIX). 

After placing the tubes in the boiling water bath, the temperature 
should return to 99°C before timing the reaction. Wipe off each reaction 
tube. Read all tubes (if calibrated) or cuvettes against the blank set at 
0 (zero) optical density in a spectrophotometer or colorimeter at 620 πΐμ. 

c. Determination of Pentose. Use one reaction tube for each incubation 
tube. The R tubes are included. Standards are always run in duplicate 
(see Table XX). 

Wipe off each reaction tube. Read all tubes (if calibrated) or cuvettes 
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against the blank set at 0 optical density in a spectrophotometer or color
imeter at 670 πΐμ. 

d. Hexose Calculation. To determine the amount of hexose formed 
per milliliter of hemolysate per hour, the dilution factor for each sample 
must be determined: milliliters of hemolysate used (1/0.5) X total num
ber of millilters per incubation tube (7.15/1) X milliliters of filtrate used 
(1/1.0) = milliliters of hexose formed, or 

(1/0.5) X (7.15/1) X (1/1.0) = 14.3 

Determine the optical density per microgram of hexose for both levels 
of standard, and take the average. This average is shown in the formulas 
as SH. The dilution factor and optical density per microgram of hexose 
is constant for each tube of the determination. Thus (14.3/&ff) = a con
stant, KH, for all tubes of the determination (assuming that 1.0 ml of 
filtrate was used for the determination of hexose in each case). 

T A B L E X X 
DETERMINATION OF PENTOSE UTILIZATION IN TRANSKETOLASE ASSAYS 0 

Filtrate Pentose6 Water Orcinol 

A, B, and D tubes 0 . 2 — 1 . 3 4 . 5 
R tubes 0 . 1 — 1 . 4 4 . 5 
5 jug standard — 0 . 5 1 . 0 4 . 5 
1 0 Mg standard — 1 . 0 0 . 5 4 . 5 
Blank — — 1 . 5 4 . 5 

° All values in milliliters. All tubes mixed on a Vortex mixer, set in 
boiling water bath for 2 0 minutes, and cold water bath for 5 minutes. 
After placing the tubes in the boiling water bath, the temperature must 
return to 99°C before starting to time. 

b Pentose solution contains 1 0 Mg per milliliter. 

The optical density readings which are obtained from the A, B, and 
D tubes for each hemolysate will be called A, B, and D, respectively. 

(1) (A — D) X KH equals the micrograms of hexose per milliliter 
of hemolysate per hour formed during the incubation without TPP = 
Tffi. 

(2) (B — D) X KH equals the micrograms of hexose per milliliter 
of hemolysate per hour formed during the incubation with TPP = TH2. 

(3) TPP effect (percentage) is calculated by 
TH2 - THi 

T Hi X 1UU 
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d. Pentose Calculation. To determine the micrograms of pentose 
utilized per milliliter of hemolysate per hour, a dilution factor for each 
sample read must be determined: milliliters of hemolysate used (1/0.5) X 
total number of milliliters per incubation tube (7.15/1) X milliliters of 
filtrate used (1/0.2) = milliliters of pentose utilized, or 

(1/0.5) X (7.15/1) X (1/0.2) = 71.5 

Determine the optical density per microgram of pentose for both levels of 
standard, and take the average. This average is shown in the formulas as 
SP. The dilution factor and optical density per microgram of pentose is 
constant for each tube of the determination. Thus (71.5/SP) = a con
stant, KP, for all tubes of the determination. 

The optical density readings which are obtained from the A, B, D, 
and R tubes for each hemolysate will be called A, B, D, and R, respec
tively. Then: 2 R + D = the amount of pentose originally present in the 
group of tubes before incubation. (2 R is used since only 0.1 ml of R-5-P 
is added to the R tube whereas 0.2 ml of R-5-P is added to the A, B, and 
D tubes.) 

(1) (2 R + D) — Α Χ Κ Ρ equals the micrograms of pentose utilized 
per milliliter of hemolysate per hour for the incubation without TPP = 
TPt. 

(2) (2 R + D) — Β X KP equals the micrograms of pentose utilized 
per milliliter of hemolysate per hour during the incubation with TPP = 
TP*. 

(3) TPP effect (percentage) is calculated by 

T P" ~ J P l x IO.O 

2. Semimicro Method 

Procedure. This procedure is essentially the same as the macromethod 
except for the use of smaller volumes. Use the schema outlined in Table 
XXI. Hexose and pentose determinations are also carried out as de
scribed in Tables XIX and XX, respectively. Calculations are similar 
to those for the macromethod. 

3. Normal Values 

Most normal subjects have a red blood cell transketolase activity 
range of 850 to 1000 μg hexose per milliliter of hemolysate per hour. This 
will vary from person to person. Duplicate determinations will be within 
5%, and repeat assays within 10%. No differences have been observed 
between male and female subjects. The ranges of TPP effect are shown in 
the following tabulation. 
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Thiamine condition TPP effect (%) 

Normal 0-15 
Marginally deficient 15-24 
Severely deficient (with clinical signs) 25 + 

Method Technique. I t is important to standardize the substrate as 
described in order to stabilize the normal transketolase activity over a 
period of time. This is because one cannot saturate the enzyme with 
substrate, and, therefore, enzyme activity increases as substrate concen
tration increases. Small variations in substrate concentration will not, 
however, affect the TPP effect, since this is a calculated value. 

T A B L E X X I 
INCUBATION DETAILS FOR SEMIMICROTRANSKETOLASE ASSAYS 

TPP" Substrate* 

Incuba Incuba
"B" TPP tion time tion time 

Hemolysate buffer solution at 38°C R-5-P at 38°C kTCA c 

Tube (ml) (ml) (ml) (minutes) (ml) (minutes) (ml) 

A 0.1 0 .4 30 0.1 60 3 .0 
Β 0.1 — 0.4 30 0.1 60 3 .0 
D 0.1 0 .5 — — — — 3.0 
R — 0.5 — — — — 3.0 

a Take 1 ml of stock TPP plus 16 ml of buffer. Use 0.4 ml per tube. 
6 Dilute 6.8 ml of substrate to 10 ml with buffer. Use 0.1 ml per tube. 
c Use 5% TCA. 
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