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Background: The concentration of thiamin diphosphate
(TDP) in erythrocytes is a useful index of thiamin status.
We describe an HPLC method for TDP and its results in
patients at risk of thiamin deficiency.
Methods: We used reversed-phase HPLC with postcol-
umn derivatization with alkaline potassium ferricya-
nide and fluorescence detection. Samples were depro-
teinized and injected directly onto a C18 column. TDP
concentrations in erythrocytes were compared with
those in whole blood. Reference intervals for erythro-
cyte TDP (n 5 147; 79 males and 68 females; mean age,
54 years) and whole blood TDP (n 5 124; 68 males and
56 females; mean age, 54 years) were determined in an
apparently healthy population. We compared erythro-
cyte TDP with results of the erythrocyte transketolase
activation test in 63 patients who were considered at risk
of thiamin deficiency.
Results: The method was linear to at least 200 mg/L. The
between-run CV was <8%. The lower limit of quantifi-
cation for both whole blood and packed erythrocytes
was 300 pg on column with a detection limit of 130 pg on
column. Recovery of TDP from blood samples was
>90%. TDP in erythrocytes correlated strongly with that
in whole blood (r 5 0.97). Reference intervals for eryth-
rocyte and whole blood TDP were 280–590 ng/g hemo-
globin and 275–675 ng/g hemoglobin, respectively. Of
the 63 patients suspected of thiamin deficiency, 46 were
normal by both TDP and activation tests, 13 were
deficient by both tests, 1 was deficient by the activation
test but had normal erythrocyte TDP concentrations,

and 4 were normal by the activation test but had low
TDP.
Conclusions: The HPLC method is precise and yields
results similar to the erythrocyte activation assay.
© 2000 American Association for Clinical Chemistry

The roles of thiamin and its phosphate esters as a coen-
zyme in carbohydrate metabolism and in the process of
nerve conduction are now well established (1, 2). The free
form of thiamin occurs mainly in plasma, whereas the
coenzyme thiamin diphosphate (TDP)1 predominates in-
tracellularly. The concentration of total thiamin (free
thiamin plus its phosphate esters in whole blood) is
60–120 mg/L, with 90% of the vitamin in erythrocytes and
leukocytes. The erythrocytes contain ;80% of the total
thiamin in whole blood (3 ), predominately in the form of
diphosphate (4 ).

The most widely used method to detect thiamin defi-
ciency is the indirect measurement of TDP in erythrocytes
with either the transketolase activation test or the transke-
tolase activity assay (5, 6), but these tests are functional
rather than a direct measurement of thiamin status and
therefore may be influenced by factors other than thiamin
deficiency. These include loss of reactivatable apoenzyme
during chronic deficiency in vivo (7, 8), altered binding of
apoenzyme and coenzyme because of the presence of
isoenzymes of transketolase (9 ), and reduced synthesis of
apoenzyme in patients with diabetes (10 ) and liver dis-
ease (11 ). Other factors that have reduced the usefulness
of the transketolase assays have been the relatively poor
interassay precision of the assay, difficulty with standard-
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ization, and sample storage instability because of rapid
inactivation of the transketolase enzyme (7 ). These factors
contribute to the lack of agreement over the upper limit of
the reference range for the activation assay, with values
ranging from 15.5% to 40% (12, 13).

The TDP concentration in erythrocytes has been shown
to be a good indicator of body stores because it depletes at
a rate similar to those of other major organs (14 ). Studies
by Warnock et al. (15 ) and Baines and Davies (16 ) have
suggested that erythrocyte TDP concentrations deter-
mined by the apoenzyme recombination technique or by
HPLC are a more sensitive index of thiamin status than
the measurement of erythrocyte transketolase activity.
The use of HPLC for the direct determination of TDP has
clear advantages in terms of sensitivity, specificity, preci-
sion, and robustness (15–17).

We describe a simple, robust reversed-phase HPLC
method with postcolumn derivatization that is suitable
for the routine measurement of TDP in erythrocytes or in
whole blood. The method is fast and has adequate sensi-
tivity and precision for use in the assessment of thiamin
status in clinical practice and for research purposes.
Measurement of TDP in erythrocytes is compared to that
in whole blood. Direct measurement of TDP in erythro-
cytes is compared with the indirect measurement of TDP
by the transketolase activation assay as an indicator of
thiamin status in patients at risk of thiamin deficiency.

Materials and Methods
reagents
All reagents were of analytical grade. Drabkins reagent,
potassium ferricyanide, TDP, thiamin monophosphate
(TMP), thiamin, and bovine serum albumin were ob-
tained from Sigma Chemical Company. Trichloroacetic
acid (TCA) and AnalaR-grade acetonitrile were pur-
chased from BDH, and HPLC columns were purchased
from Jones Chromatography.

chromatographic conditions
The HPLC system consisted of a Waters solvent delivery
system and a Waters 470 fluorometer (Waters) The iso-
cratic mobile phase for chromatography was 20 mmol/L
sodium dihydrogen phosphate buffer (pH 4.6) containing
10 g/L acetonitrile. The mobile phase was filtered through
a 0.45 mm nylon filter and pumped through a 5 mm
reversed-phase column (Apex ODS; 4.6 3 250 mm, pro-
tected with a 10-mm guard column) at a flow rate of 1.5
mL/min.

The mobile phase was optimized with respect to sta-
bility of signal, column life, analysis time, reproducibility
of results, and separation by varying its pH and the
concentration of acetonitrile and phosphate buffer.

detection
For postcolumn derivatization of TDP, the column efflu-
ent was reacted with 2 mol/L sodium hydroxide contain-
ing 600 mg/L potassium ferricyanide at a flow rate of 0.5

mL/min. The effluents were excited at 375 nm; the
emission was measured at 430 nm and quantified by
measuring the peak height.

preparation of blood samples
Venous blood was collected into heparin-containing
tubes. The packed erythrocytes were washed three times
with 9 g/L NaCl, with care being taken to remove the
buffy coat because leukocytes are a rich source of TDP. To
hemolyze the cells, we added 1 mL of distilled water to 1
mL of packed cells and vortex-mixed the mixture for 1
min. The hemolysates were stored at 270 °C until analy-
sis. For the measurement of TDP in whole blood, 1 mL of
heparinized whole blood was stored at 270 °C until
analysis.

Blood samples for population reference values were
obtained from laboratory staff and from people attending
a cardiovascular risk clinic at Glasgow Royal Infirmary.
None of the subjects were taking any vitamin supple-
ments or had any significant medical history. Although
their dietary data were not recorded, all subjects indicated
having reasonably typical diets. Erythrocyte TDP concen-
trations were measured in 147 subjects, 79 males and 68
females, with an average age of 54 years (range, 22–71
years). The reference range for whole blood TDP was
established on 124 subjects, 68 males and 56 females.

preparation of calibrators
A stock solution of TDP was prepared by dissolving 100
mg of TDP in 100 mL of 0.1 mol/L HCl. This solution was
stable for 4 months when stored at 270 °C. The stock
solution was diluted 1:1000 in distilled water to prepare
the intermediate stock solution. Calibrators were pre-
pared by adding the intermediate stock solution to a
solution of 80 g/L bovine serum albumin in distilled
water to provide a range of 20–80 mg/L TDP. Although
the working solution of TDP in 0.1 mol/L HCl was stable
for ,2 weeks when stored at 270 °C, its stability was
improved when prepared in 80 g/L bovine serum albu-
min solution. Calibrators stored were stable for 4 weeks
when stored at 270 °C.

quality control
Internal quality control (QC). Hemolysates were prepared
as described above. QC1 was the hemolysate, and QC2
was prepared by addition of the intermediate TDP solu-
tion to the hemolysate. The QC hemolysates were ali-
quoted and were stable for at least 12 months when stored
at 270 °C.

External quality assessment. Currently there is no external
quality assessment scheme available in the United King-
dom for measurement of TDP by HPLC.

sample preparation
Samples and QC hemolysates were thawed, vortex-
mixed, and centrifuged at 1000g for 10 min to remove cell
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debris. Distilled water (500 mL) was added to 500 mL of
whole blood, red cell, or QC hemolysate in a small
centrifuge tube and vortex-mixed for 1 min; 500 mL of this
diluted hemolysate was transferred to another tube, and
75 mL of 500 g/L TCA was added to precipitate the
protein. The precipitated sample was thoroughly vortex-
mixed and centrifuged for 10 min. A 200-mL aliquot of the
supernatant was transferred to conical autosampler vials,
and 50 mL was injected onto the HPLC column via an
autosampler.

The remainder of the diluted hemolysate was used for
hemoglobin (Hb) estimation using Drabkins reagent (Sig-
ma Diagnostics), which contains potassium ferricyanide
and potassium cyanide. Hb is oxidized and converted to
stable cyanmethemoglobin by ferricyanide and cyanide,
respectively. The absorbance of cyanmethemoglobin was
measured at 540 nm using the Cobas Mira analyzer
(Roche Products).

calculation of results
The calibration curve was prepared on the day of analysis
by the addition of 75 mL of 500 g/L TCA to 500 mL of
calibrators (containing 20, 40, and 80 mg/L TDP), which
were treated in the same way as the sample hemolysates.
Six calibrators were run with each batch of 30 samples:
two at the start, two in middle, and two at the end of the
run.

stability studies
To check the stability of TDP in whole blood at room
temperature, five different whole blood samples were
treated freshly and after 24, 48, and 72 h. Each blood
sample was analyzed three times to obtain mean TDP
values at the times specified above. The long-term storage
stability of hemolysates and whole blood was checked by
aliquoting a pooled hemolysate and a whole blood sam-
ple. The aliquots were stored at 220 °C and 270 °C and
analyzed over a period of 7 months.

transketolase activation assay
The transketolase activation effect was measured by
adapting the method of Bayoumi and Rosalki (18 ) for use
on the Cobas Bio centrifugal analyzer (Roche Products) as
described by Mount et al. (19 ). The activation result was
calculated by expressing the two activities of transketo-
lase enzyme (with and without addition of TDP cofactor)
as a percentage. The upper reference limit for the activa-
tion assay was obtained by determining the activation
effect on blood samples from apparently healthy subjects
(n 5 79). The upper cutoff established in our laboratory
was 25% (mean 1 2 SD).

The within-batch imprecision (CV) of the assay, which
was obtained by analyzing 17 aliquots of the same hemo-
lysate, was 5.9%. The between-batch CV was 21%, as
assessed by analyzing a hemolysate aliquoted and stored
at 270 °C on 10 occasions over 2 weeks. Others have
reported similar CVs, which are a reflection of sample

instability during storage of hemolysates and show dete-
rioration of transketolase activity over a 2-week period
when stored at 270 °C (7, 19).

Results
chromatographic conditions
The chromatographic profiles corresponding to a calibra-
tor, a red cell hemolysate extract, and a whole blood
extract are shown in Fig. 1, A–C. The TDP peak was well
resolved and identified by comparing peak retention time
with that of an albumin solution with added TDP. The
TDP peak eluted after 4 min, and because there were no
later eluting peaks, further injections were made at inter-
vals of 6 min. The chromatographic profile of a blank

Fig. 1. Chromatographic profiles obtained from an albumin-based 20
mg/L TDP calibrator (A), a red cell hemolysate extract (B), a whole
blood extract (C), and from an underivatized whole blood sample
extract (D).
TDP concentrations in the hemolysate (B) and whole blood (C) were 725 and 269
ng/g Hb, respectively. In C, (i) and (ii) indicate the elution times for TMP and
thiamin, respectively, which may be present in very low concentrations in whole
blood.

706 Talwar et al.: Assessment of Thiamine Status
D

ow
nloaded from

 https://academ
ic.oup.com

/clinchem
/article/46/5/704/5641212 by guest on 05 April 2024



injection prepared by omitting the thiochrome reaction
suggested a lack of interference in sample extracts (Fig.
1D). Under the chromatographic conditions described,
there was no interference from either TMP or thiamin,
which together with thiamin triphosphate are present in
very low concentrations in whole blood (,5% of total
thiamin). TMP has a retention time of 6.2 min, with
thiamin eluting after 9.0 min. With this chromatographic
system, we detected neither thiamin nor TMP in either
whole blood or red cells.

The concentration of the phosphate buffer in the mo-
bile phase affected column stability and performance. At
concentrations .100 mmol/L, the column was unstable,
and at ,10 mmol/L, the TDP peak was broader and
retention times were longer. A phosphate buffer concen-
tration of 20–50 mmol/L avoided both problems. The
intensity and reproducibility of the fluorescence signal
was found to depend on acetonitrile as an organic mod-
ifier in the mobile phase. A final concentration of 10 g/L
acetonitrile in the mobile phase yielded a TDP peak that
was sharp and well resolved with reproducible retention
time and signal response. Varying the pH of the mobile
phase between 3.0 and 6.0 did not affect the retention
time, resolution, or intensity of the TDP signal.

For postcolumn derivatization of TDP, 0.6 g/L potas-
sium ferricyanide in 2 mol/L sodium hydroxide solution
delivered at a flow rate of 0.5 mL/min produced an
optimal signal response with minimum peak broadening.

analytical validation
Linearity and detection limit. The calibration curve was
linear up to least 200 mg/L. The minimum detectable
concentration, defined as the lowest concentration of the
analyte in the calibrator that could be detected from zero
with 97% confidence (n 5 9) was 3 mg/L TDP (130 pg on
column). The limit of quantification, defined as 10 times
the signal-to-noise ratio, was 7 mg/L TDP (300 pg on
column) for both whole blood and packed red cells.

Recovery studies. When 50 and 100 mg/L TDP was added
to a pool of washed red cells, the recoveries were 95% 6
6% (mean 6 SD; n 5 5) and 97% 6 4.8% (n 5 5),
respectively. The corresponding recoveries for a whole
blood sample were 97% 6 5.0% (n 5 5) and 93% 6 6.7
(n 5 5), respectively.

Precision studies. Precision data are shown in Table 1. The
within-batch imprecision for the measurement of TDP in
red cells was calculated by analyzing QC1 and QC2 10
times on the same day. The between-batch imprecision
data were obtained from QC1 and QC2 material analyzed
23 times over a period of 5 months.

The within-batch precision data for the measurement
of TDP in whole blood were obtained from a pooled
whole blood sample analyzed 10 times on the same day.
Between-batch imprecision was obtained by analyzing the

pooled whole blood sample aliquoted and stored at
270 °C over a period of 3 months (n 5 14).

Recalibration of assay. Within the same HPLC batch, the
assay was recalibrated after every 15 samples to correct
for any drift and to monitor the stability of the chromato-
graphic system. No significant drift was observed in
calibrators at the start and end of a batch containing 30
samples.

stability studies
Hemolysates and whole blood stored at 270 °C were
stable for at least 7 months. The mean value of a pooled
hemolysate at the start of a 7-month storage period was
372 ng TDP/g Hb (range, 355–391 ng/g Hb; n 5 5), and at
the end, it was 384 ng TDP/g Hb (range, 368–405 ng/g
Hb; n 5 5). The corresponding mean values for whole
blood were 404 ng TDP/g Hb at the start (range, 377–421
ng/g Hb; n 5 5) and 387 ng TDP/g Hb after 7 months
(range, 370–407 ng/g Hb; n 5 5). Although hemolysates
were stable at 220 °C for at least 7 months, the mean TDP
value in whole blood stored at 220 °C was significantly
different (P ,0.01) from that at the start (mean, 331 ng
TDP/g Hb; range, 258–377 ng/g Hb; n 5 5). We therefore
stored all blood samples at 270 °C. At room temperature,
whole blood was stable for TDP for up to 48 h. After 72 h,
a variability of 210.3% to 13.7% was observed. Differ-
ences between mean TDP values in whole blood after 72 h
and when freshly treated were significantly different for
all five blood samples analyzed (P ,0.05 to ,0.01).

TDP in deproteinized samples was stable in the au-
tosampler for up to 12 h at room temperature and for up
to 24 h when the autosampler was refrigerated at 10 °C.

population reference values
Whole blood and red cell TDP values showed a gaussian
distribution. The Kolmogorov–Smirnov test revealed no
significant departures from a gaussian distribution (P
.0.15). The mean concentration of TDP in red cells was
433 ng/g Hb (n 5 147) with a 95% reference interval of
280–590 ng/g Hb (mean 6 2 SD). There was no significant
difference in TDP concentrations between males and
females. The corresponding reference interval for whole

Table 1. Precision of TDP measurements in red cells and in
whole blood.

Intrabatch (n 5 10) Interbatcha

Meanb SDb CV, % Meanb SDb CV, %

QC1 297 17.9 6.1 298 24.2 8.1
QC2 477 24.6 5.2 477 30.0 6.3
WBc 411 26.2 6.3 403 30.1 7.5

a Interbatch imprecision data were obtained by analyzing QC1 and QC2 over a
period of 5 months (n 5 23) and a pooled whole blood sample over a period of
3 months (n 5 14).

b Means and SD are expressed as ng of TDP/g Hb.
c WB, whole blood.
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blood TDP was 275–675 ng/g Hb with a mean of 460
ng/g Hb (n 5 124).

comparison studies
Transketolase activation assay vs HPLC red cell TDP assay.
Sixty-three acute and chronic medical and surgical pa-
tients who were considered to be at risk of thiamin
deficiency were assessed for thiamin status by both HPLC
and transketolase activation assays.

Clinical assessments by the two methods agreed in 58
of the 63 patients (Fig. 2). Fourteen patients were consid-
ered to be thiamin deficient by the transketolase activa-
tion test, and 13 of these patients also had low red cell
TDP by the HPLC method. However, four patients with
low TDP concentrations had transketolase activation val-
ues within the reference range. Activation values in these
patients were 21–23%, which is close to the upper cutoff
for biochemical deficiency established by the transketo-
lase activation assay (.25%).

Chronic renal failure patients are at risk of thiamin
deficiency as a consequence of dietary restrictions and
loss of thiamin during dialysis. The thiamin status of six
chronic renal failure patients was assessed by both assays
in an attempt to establish whether thiamin supplements
were adequate. All patients were undergoing intermittent
dialysis and thiamin supplementation. Both the activation
and HPLC assays showed that no patients were thiamin
deficient either pre or post dialysis. However, the HPLC
assay provided the additional information of thiamin
accumulation in the red cells of these patients, which is
cleared during dialysis (Table 2).

Red cell TDP assay vs whole blood TDP assay. TDP concen-
trations in red cells and in whole blood were measured by
HPLC in 76 patients who were receiving nutritional
support. Measurement of TDP in red cells correlated

strongly with that in whole blood (r 5 0.97). The regres-
sion equation was: whole blood TDP (ng/g Hb) 5 11.2 1
0.97 3 red cell TDP (ng/g Hb). A difference plot (20 ) also
showed that there was good agreement between red cell
and whole blood TDP concentrations (Fig. 3). The mean
difference 62 SD was 27 and 225 ng/g Hb, which
represents an 8% difference between the two assays at the
lower end (300 ng TDP/g Hb) and 3% at the upper end
(800 ng TDP/g Hb). The 95% confidence interval for the
mean difference was 4.4 to 21.8 ng TDP/g Hb, indicating
that there was no detectable bias.

Discussion
Because of the limitations of the erythrocyte transketolase
assay, several workers have found the direct measure-
ment of TDP in erythrocytes by HPLC a more useful
index of thiamin status (15, 16). In our experience, the
HPLC method has several advantages over the transke-
tolase activation assay. The HPLC assay has an acceptable
between-batch precision and, because of the availability of
pure TDP, the assay is easy to standardize. More impor-
tantly, we found that samples stored at 270 °C were
stable for TDP for at least 7 months. In addition, TDP was
stable in whole blood for 48 h at room temperature.

Fig. 2. Comparison of the transketolase activation assay with the HPLC
red cell TDP assay.

Table 2. Pre- and postdialysis red cell TDP concentrations
in six chronic renal failure patients undergoing dialysis.

Patient
number

TDP, ng/g Hb
Transketolase
activation, %Predialysis Postdialysis

1 716 545 2
2 965 756 2
3 945 340 11
4 859 404 10
5 1334 586 2
6 867 455 7

Fig. 3. Altman-Bland plot of the differences between red cell and whole
blood TDP concentrations vs their means.
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We found that erythrocyte TDP concentrations mea-
sured by HPLC compared well with the erythrocyte
transketolase activation assay when assessing patients
with suspected thiamin deficiency. Other workers who
used HPLC with a precolumn derivatization procedure
have reported similar results (15, 16). However, four of
our patients who had activation values just below the
upper cutoff (,25%) were clearly deficient by HPLC (Fig.
2), which may indicate that measurement of TDP in
erythrocytes is a more sensitive indicator of thiamin status
than the transketolase activation assay. This has also been
suggested by Warnock et al. (15 ) and Baines and Davies
(16 ). Unlike the activation test, the HPLC assay can also
detect tissue thiamin accumulation, as demonstrated in
patients on hemodialysis for chronic renal failure.

Blood and tissue concentrations of thiamin TDP are not
subject to any known physiological regulation but are
dependent on dietary intake. Diets are very variable
globally, being influenced by local agriculture and econ-
omy and increasingly, in affluent societies, by fashion.
Thus, the concepts of intra- and interindividual biological
variation are not applicable. Recommendations for opti-
mal intake of vitamins to maintain health such as the
Recommended Dietary Allowances in the US (21 ) and the
Reference Nutrient Intake values in the United Kingdom
(22 ) have been published, but although similar, they have
some significant differences and are not universally ac-
cepted. It is therefore essential that a local reference range
be established. Our population reference range for TDP in
red cells is comparable with those reported previously
(17, 23, 24). However, we related TDP concentrations in
erythrocytes to Hb rather than to volume of packed red
cells because accurate pipetting of packed red cells was
difficult because of their viscosity, which adversely af-
fected the precision of the HPLC assay. Relating the
erythrocyte TDP concentration to Hb in the sample im-
proved the reproducibility of the assay.

Measurement of TDP concentrations in red cells corre-
lated strongly with that in whole blood. TDP concentra-
tions in red cells and in whole blood showed good
agreement when corrected for Hb. This is not surprising
because TDP is present predominately in red cells
(.90%). Because whole blood is convenient to use and
preparation of washed red cells is time-consuming and
has safety implications, we recommend the measurement
of TDP in whole blood rather than washed red cells for
the laboratory assessment of thiamin status. However,
whole blood analysis should be carried out only if accom-
panied by Hb estimation to correct for any cell volume
variability.

HPLC methods for the measurement of total thiamin or
TDP in blood can be divided into pre- and postcolumn
derivatization techniques with or without hydrolysis of
TDP (3, 6, 16, 17, 24–31). Measurement of total thiamin in
whole blood requires time-consuming enzymatic hydro-
lysis of TDP to free thiamin before HPLC analysis
(3, 6, 27). The sensitivity and precision of the postcolumn

derivatization method described here for the determina-
tion of TDP in erythrocytes or whole blood compare
favorably with precolumn methods that have been de-
scribed previously (16, 17, 23, 24). Although both tech-
niques are simple to perform, the postcolumn procedure
is more robust and less labor-intensive and time-consum-
ing (analysis time ,15 min) than precolumn methods,
which usually require removal of TCA from the acid
extracts with ether (15, 23) or its neutralization with
sodium hydroxide (24, 28) before derivatization with al-
kaline potassium ferricyanide. In addition, the precolumn
derivatization procedure uses relatively harsh chromato-
graphic conditions because of the need to use an alkaline
mobile phase (pH 7.5–8.0) for the thiochrome derivatives
to fluoresce. In our experience, use of such mobile phases
leads to fairly rapid loss of column performance because
of the dissolution of silica at high pH. Other disadvan-
tages include poor yield of reaction (,67%) and instability
of thiochrome derivatives at pH values below 8.0 (32 ).
These problems are largely eliminated with the use of
postcolumn derivatization, as described here and by
Kimura and Itokawa (25 ), where the sample is deprotein-
ized and injected directly onto a reversed-phase column
with subsequent derivatization of the eluting substances.
However, this procedure requires use of additional equip-
ment (a postcolumn pump and a reaction coil) and can
lead to peak broadening.

The HPLC method described here is suitable for the
measurement of TDP in both whole blood and red cells.
The method is simple and has adequate sensitivity, selec-
tivity, and precision for use in the routine laboratory
assessment of thiamin status in patients suspected of
thiamin deficiency. The reference range for erythrocyte
TDP is dependent on dietary thiamin intake because there
are no known physiological mechanisms that regulate its
concentration in blood or tissues. Thus, the erythrocyte
TDP concentration in any individual will span the refer-
ence range according to his or her dietary intake. The
between-batch CV of the proposed method (,8%) is
much less than one-half the biological variation and
therefore fulfils the current criteria (33 ) for suitability in
clinical use.
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