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(54) Nuclear magnetic resonance 
method and apparatus 

(57) A method and apparatus for 
determining the rate of f low of a liquid in 
a selected region of a body by nuclear 
magnetic resonance techniques. The 
method includes a sequence of applying 
a first magnetic pulse (Bi(90°» effective 
to excite nuclear magnetic resonance of 
a chosen nucleus within the liquid 
preferentially in a slice ofthe body which 
includes the selected region. A period of 
time (tD) is waited and then a second 
magnetic pulse (B^O0)) is applied which 
is effective to excite nuclear magnetic 
resonance ofthe nuclei preferentially in 
the slice, and the free induction decay 
signal is measured. The whole sequence 
is repeated for different values ofthe 
period of time (tD). The variation in the 
value of the measured signal with tD is 
then related to the rate of flowofthe 
liquid through the slice. 
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SPECIFICATION 

Nuclear magnetic resonance method and apparatus 

5 This invention relatesto methods and apparatusfor 
determining the rate of f low of a liquid in a selected 
region of a body by nuclear magnetic resonance 
(NMR)techniques. 

NMR techniques have been used forthe chemical 
10 analysisof material for manyyears. More recently 

NMRtechniques have been used to obtain images 
representing the distribution over a selected cross-
sectional slice or volume of a body of a chosen 
quantity, e.g. the density of chosen nuclei, for 

15 example hydrogen protons, or of NMR spin relaxation 
time constants. Such distributions are similarto, 
although of different significance from, the distribu-
tions of X-ray attenuation provided by computerised 
tomography systems. In some applications it would 

20 be useful to obtain additional information relating to 
thef low rates of a liquid within a selected region of the 
body, e.g. blood f low in selected veins and arteries of a 
human body,using NMRtechniques. 

It is an object ofthe invention to provide a method of 
25 determining the rate of f low of a liquid in a selected 

region of a body by NMRtechniques. 
According to the present invention a method of 

determining the rate of f low of a liquid including a 
chosen nucleus in a region of a body comprises: 

30 sequentially applying a first magnetic pulse effective 
to excite nuclear magnetic resonance of said nuclei 
preferentially in a slice of said body which includes 
said region, waiting a period of time and then applying 
a second magnetic pulse effective to excite nuclear 

35 magnetic resonance of said nuclei preferentially in 
said slice and measuring thefree induction decay 
signal; repeating said sequence for different values of 
said period of t ime; and relating the values of said 
period of time and the corresponding measured 

40 signalsto the rateof f low of said l iquidthrough said 
slice. 

The invention also provides an apparatus arranged 
to carry out a method according to the invention, 
including means arranged to sequentially apply a first 

45 magnetic pulse effective to excite nuclear magnetic 
resonance of said nuclei preferentially in a slice of said 
body which includes said region, waita period of t ime 
and then apply a second magnetic pulse effective to 
excite nuclear magnetic resonance of said nuclei 

50 preferentially in said slice and measure the free 
induction decay signal and repeat said sequence for 
different values of said period oft ime. 

One method and apparatus in accordance with the 
invention wil l now be described, by way of example 

55 only with reference to the accompanying drawings in 
which: 

Figures 1 and 2 illustrate the apparatus diagramati-
cally; 

Figure3 illustrates the magneticfield sequence 
60 employed in the method; and 

Figure 4 is a graphical illustration ofthe relationship 
between the measured free induction decay signal 

and the repetition rate ofthe magneticfield sequence. 
The method is performed using an apparatus 

65 essentially identical to that described in U.K. Patent 
Specification No. 1,578,910 or No. 2,056,078, to which 
reference should be madeforaful ler description, 
appropriately programmed to apply a sequence of 
magneticfield gradientand R.F. pulses and analyse 

70 the resulting signals as hereafter described. 
The essential features of such an apparatus in so far 

as is required for an understanding ofthe present 
invention are as follows: 

The apparatus includes a first coil system whereby a 
75 magneticfield can be applied to a body to examine in a 

given direction, normally designated the Z-direction, 
with a gradient in anyone or more of the three 
orthogonal directions i.e. X, Y and Z directions. 

Referring to Figure 1, the first coil system comprises 
80 coils 1 capableof providing a steady uniform magne-

ticf ield in the Z direction; coils3 capable of provding a 
magneticfield gradient in theX direction, coils 5 
capable of providing a magneticfield gradient in the Y 
direction; and coils 7 capable of providing a magnetic 

85 field gradient in the Z direction. 
In addition, the apparatus includes a second coil 

system 9 whereby RF magnetic fields can be applied to 
the body under examination in a plane normal to the 
direction ofthe steady uniform magneticfield pro-

90 duced by the first coil system, and whereby RF 
magnetic fields resulting f rom nuclei in the body 
under examination which have been excited to 
nuclear magnetic resonance with a spi vector compo-
nent other than in the Z direction can be detected. 

95 In the drawing a single pair of coils 9 is shown for 
both applying and detecting RFfields, but in certain 
circumstances it may be preferableto provide sepa-
rate coils for detecting the RFfields. 

The various coils 1,3,5,7 and 9 are driven by drive 
100 amplifiers 11,12,13,15,17 and 19 respectively, 

controlled by control circuits 21,23,25 and 27 
respectively. These circuits may take various forms 
which are well known to those with experience of 
NMR equipment and other apparatus using coil 

105 induced magneticfields. 
The circuits 21,23,25 and 27 are controlled by a 

central processing and control unit 29 with which are 
associated inputs and other peripherals 31, for the 
provision of commandsand instructions to the 

110 apparatus,and a display 33. 
The NMR signals detected by the coils 9 are applied 

via an amplifer 35 to a signal handling system 37. The 
signal handling system is arranged to make any 
appropriate calibration and correction of the signals, 

115 but essentially transmits the signals to the processing 
and control unit 29 wherein the sig nals are processed 
forappl icat iontothedisplaytoproducean image 
representing the distribution of an NMR quantity in 
the body being examined. 

120 It wil l be appreciated thatwhilst shown separately to 
clarify the present description, the signal handling 
system 37 mayconvenientlyform part of the unit 29. 

The apparatus also includes field measurement and 
errorsignal circuits 39 which receive signals via 

The drawing(s) originally filed was/were informal and the print here reproduced is 
taken from a later filed formal copy. 
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amplifiers41 fromfield p r o b e s X ^ X ? ^ andY2which 
are disposed at suitable positions in relation to a slice 
43 ofthe body being examined, as illustrated in Figure 
2,to monitorthe applied magneticfields. 

5 Referring nowalsoto Figure3, in operation of the 
apparatus a steady uniform magneticfield Bo is 
applied to the body under examination in the Z 
direction. The field serves to define the equilibrium 
axis of magnetic alignment of the nuclei in the body 

10 i.e. along the Z direction, and remains constant 
throughouttheexamination procedure. Amagnetic 
field gradient Gz along theZ direction is then applied 
to the body, together with an RF magnetic field pulse 
denoted B-i (90°), for reasons explaining hereafter. The 

15 frequency of the RFfield is chosen to be the Larmor 
frequency for hydrogen protons in a slice 43 of the 
body, normal to the Z direction, the slice being defined 
by a particular magnetic field along the Z direction, 
such that hydrogen protons within the slice are 

20 preferentially excited, the slice consisting of an area of 
substantially solid material through which a series of 
blood vessels extend. The integral of the RF pulse is 
such that the pulse is just sufficient to t ip the spins of 
the excited protons into the X-Y plane, and is thus 

25 referred to as a 90° pulse, the spins then precessing in 
the X-Y plane round the Z axis. 

The field gradient Gz is then removed, and replaced 
by a field gradient in the opposite sense—Gz'. This 
causes the rephasing of the spins which have been 

30 selectively excited by the combination of the RF pulse 
BT (90°), Bo and the field gradient Gz the dephasing 
having been caused by the g radient through the slice. 
The magnitude o f— Gz' is adjusted so that the spins 
are rephased atthe t ime at which this field gradient is 

35 switched of as described, forexample, in theabove 
mentioned U.K. Patent Specification No. 1,578,910. 

After a t imetD has elapsed since the pulse B-i (90°), a 
second B1 (90°) pulse is applied together with thefield 
gradient Gz. this again being followed bythef ield 

40 gradient—Gz'. The signal induced in the second coil 
system 9 by the excited protons in the slice, i.e. thefree 
induction decay (F.I.D.) signal is then recorded. This 
double excitation sequence is then repeated a number 
of t imes with the t ime tD between the successive 

45 excitation pulses B-, (90°) being varied through a range 
of values. 

Referring nowalsoto Figure4, a graph is plotted of 
the magnitude of the F.I.D. signals measured, i.e. an 
indication of the density of the excited nuclei within 

50 the slice, againstthe excitation pulse repetition 
frequency, 1/tD. As tD is always chosen to be much 
shorterthanthe spin-lattice relaxation t imeT, for 
hydrogen protonswithinthe slice, the excited nuclei 
do not have t ime to relax backto theirequil ibrium spin 

55 orientation along the Z direction. Thus the second B-i 
(90°) pulse wil l remove spins remaining in the X-Y 
plane into t he—Z direction, these spins then not 
contributing to the measured F.I.D. signal. In the case 
of blood within the vessels in the slice however, blood 

60 which was initially in the slice during the first B, (90°) 
pulse, and has subsequently f lowed out of the slice 
during the period tD, is replaced by fresh blood having 
unexcited hydrogen protons priorto the second B-, 
(90°) pulse. Thus after excitation by the second B, (90°) 

65 pulse, these 'fresh blood' spins contribute to the F.I.D. 

measured. For long values of tD, i.e. a low excitation 
pulse repetition rate 1/tD, the blood hast imeto be 
completely replaced within the slice, and thus the 
plateau region Ao f the graph shown in Figure4is 

70 achieved. As the excitation pulse repetition rate 1/tD, 
increases, however, the blood does not have t ime to 
be completely replaced, and thus after a certain value 
of 1/tD the FID signal begins todecrease with a further 
increasein 1/toasshown in region B of the graph. The 

75 shoulder C indicated on the graph at the cross-over 
point between the regions A and Bthus gives an 
indication ofthe minimum t ime period during which 
blood is completely replaced wi th inthe slice, and from 
this the f low rate of the blood through the vessels in 

80 the slice can be calculated. 

I t isfound that this method is suitableformeasuring 
f low rates for blood which is replaced within a slice in 
the t ime range 0.1 to 1.0 seconds. 

In the double excitation sequence described herebe- . 
85 fore,the F.I.D. signal is not recorded afterthefirst 

excitation pulse B-i (90°) in each sequence. I twi l l be 
appreciated howeverthat in a continuous repetition of 
this sequence it may be more convenientto record the 
F.I.D. signal afterthe second excitation pulse and then 

90 after each subsequent excitation pulse, with tp being 
the interval between successive excitation pulses. A 
correction to the measured F.I.D.s wil l then have to be 
made to compensate for spins which are not aligned 
along the equilibrium direction Z during thefirst 

95 excitation pluseineach pairofpulses. 
I twi l l also be appreciated that within each repetition 

t imetD known NMR techniques using magneticfields 
gradients in the X and Y directions may be employed 
in orderto obtain information relating to the spatial 

100 distribution overthe chosen slice of quantities relating 
to nuclear magnetic resonance, e.g. the density of a 
nucleus, or NMR spin relaxation t ime constants. 

I twi l l beappreciated that whilst the method 
described herebefore relates to obtaining thef low rate 

105 of a liquid which includes hydrogen protons, the 
method is equally applicable to obtaining thef low rate 
of a liquid including any other nucleus having a spin, 
e.g.31P, by appropriate choice ofthe R.F. pulse 
frequency. 

110 CLAIMS 
1. Amethodofdetermin ing thera teof f lowofa 

liquid including a chosen nucleusina region of a body 
comprising: sequentially applying afirst magnetic 
pulse effectiveto excite nuclear magnetic resonance 

115 of said nuclei preferentially in asl iceof said body 
which includes said region, waiting a period of t ime 
and then applying a second magnetic pulse effective 
to excite nuclear magnetic resonance of said nuclei 
preferentially in said slice and measuring thefree 

120 induction decaysignal; repeating said sequence for 
different values of said period of t ime; and relating the 
values of said period of t ime and the corresponding 
measured signalsto the rate o f f low of said liquid 
through said slice. 

125 2. A method according to Claim 1 in which said 
first and second magnetic pulses are each sufficientto 
rotate the spins of said nuclei through an angle of 
substantially 90°. 

3. A method according to either ofthe preceding 
130 claims in which said free induction decaysignal is 
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measured after said second magnetic pulse, and then 
after each subsequent magnetic pulse. 

4. A method according to any one ofthe preceding 
claims in which nuclear magnetic resonance imaging 

5 techniques are employed during said period of time in 
orderto obtain information relating to the spatial 
distribution oversaid slice of quantities relating to 
nuclear magnetic resonance. 

5. A method according to any one of the preceding 
10 claims in which said relating comprises determining 

the minimum value of said time period which is 
sufficientfor said liquid to be completely replaced in 
said slice bythe t ime of the next excitation. 

6. A method according to claim 5 in which said 
15 relating comprises determining the reciprocal of the 

value of said period of time atwhich said measured 
signal begins to decrease for increasing values of the 
reciprocal ofthe values of said period of time. 

7. A method of determining the rate of f low of a 
20 liquid including a chosen nucleus in a region of a 

body, substantially as hereinbefore described with 
reference to the accompanying drawings. 

8. An apparatus arranged to determine the rate of 
f low of a liquid including a chosen nucleus in a region 

25 of a body including: means arranged to sequentially 
apply afirst magnetic pulse effective to excite nuclear 
magnetic resonance of said nuclei preferentially in a 
slice of said body which includes said region, waita 
period of time and then apply a second magnetic 

30 pulse effective to excite nuclear magnetic resonance 
of said nuclei preferentially in said slice and measure 
the free induction decay signal and repeat said 
sequence fordifferentvalues of said period of time. 

9. An apparatusarrangedto determine the rate of 
35 f low of liquid including a chosen nucleus in a region of 

a body, substantially as hereinbefore described with 
reference to the accompanying drawings. 
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