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Spectral analysis of 24 h blood pressure monitoring in the
assessment of trough : peak ratio. A randomized, placebo-
controlled, cross-over comparison of ramipril and enalapril
Pietro Amedeo Modesti, Simane Toccafondi, Alessandro Carnemolla,
Federica Rocchi, Alessandro Costoli, Marco Torri and Piero Tortali*

Background The ratic betwesn the magnnude of blood
pressure reduction during the steady-state dosage
interval {trough) and the maxmum blood pressure
reduction (peak) i1s an integrated in-viva index both of
the pharmacokinetic propertes and of pharmecodynamic
activity of an antihypertensve drug. Angiotensn
converting snzyme inhibitors are often characlenzed by
a low {often lower than §0%) trough : peak ratio but no
direct drug comparisons are available.

Objective To compara the absolute blood pressure
reduction and the trough : peak ratia of daily doses of
two angiotensin converting erzyme inhibitors, $ mg
ramion! and 10 mg enalapril.

Method After a 1-month wash-out and a 2-week
placeho run-in, 25 mild hypentensives aged 47 £ 4 years
(17 men and eight women) were randomly assigned to
ireatments separated by a 2-week interval, Ambylatory
bloed preesure monitoring was performed and

trough : peak ratio was calculated by the fast Fourier
transform analysis of placebo-effecl-subtracted dala.

Resuits After 1 month of ramipril treatment, 24 h blood
presaure decreased from 139 % 10 to 128 £ 11 mmMg
for systalic (P < 0.05) and from 88 % 8 to 81 £ 5 mmMg
for diastole blood pressure (A < 0.01). Also snalapril
treatment caused a significant 24 h reduction in blood
presaure both for systolic (1o 132 & 7 mmHg, P<0.08)
and for diastolic bicod pressurs (to 84 £ 5 mmHg,
P<0.05). Placebo caused a 24 h reduction in blood
prassure {io 136 £ 8 mmHg for systalic and

B7 + 5 mmHg for diastolic blood pressure, NS. versus
wash-out period). The two drugs were squally effective
in reducing ambulatory blood pressure, but ramipnl
produced a trough : peak ratio gignificantly higher than
that with enalapril both. for systolic (48 * 119, range
34~74%, versus 38 + 11%, range 21-67%, £<0.005)
and for diastolic blacd pressure (47 £ 11%, range
30~79%, versus 37 + 12%, range 21-568%, ~< 0.05).

Conelusien The low trough : peak ratios could have
been due to the daly pattern of biood pressure of mild
hypertensives, many of whom are normotensives at
night-time, 80 thal the main antihypertensive eflec! is
exerted during daylime rather than during the night or
eary moming.
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Introduction

The persistence of u blood-pressure -Inwering effect rather
cran merely an absolute reduction in blood pressuee, is
an importane parameeer for the evaluation of antihyper-
tensive drug creacmencs {1.2]. The ealeulacion of the ratio
berween the magnitude of the biood pressurc reduction
at the end of the steadlv-stace dosage ineervil (crough) and
che muxinum reduccion in biood pressure (pesks the
crough : peak rutin) was proposed by the United Scaresz
Faod and Drge Administracion o5 un ingegeated in-vive
index huth of the pharmacokinceic propercices and ol the
pharmacodynamie activiey of a deny,

However, the methadnlagic approaches used in the caleu-
lation of wnugh : peuk ratios are aften uescionsble and
differ from paper to paper, thus also invaligating the
comparison among fesults reparted for the sume drug,
The use of ambubitory blaod pressure monitoting, wiich
allows daily chanpes in blaod pressure ta be tollpwed. has
been quescioned mainiy due to the luck of seandardiza-
tion of external acuvities [3]. Other merhoclologicully
questionable aspeers ure the lack of asscssment of the

cirgadian Aucruanions af che binad pressure profie and wlf

the placcha effect [3.4).

In the presenc soudy we ‘caloulaced the trough @ peak rugins
for remipeld amd emalapel inoa randomized, plceho-
contrallcd, double gross-nver study using dura nbatined
from ambulacory Blood pressure monitoring under well
standurtlized ¢onditons. To beiter define the pacern in
cime of che antihyperensive ¢tfect and to oboin a clear
deRnition of the peak cffeee, smooching of 24 h hlnad
pressure comves was performed wich Fast Fourier oy
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form analysis. Enalapril and ramipril are two angiorensin
converting enzyme inhibitor drugs whose antihvperten-
sive sctivity had besn demonstraced by previsus seudies
{3.6], But no direct comparisan beoween the trqugh : peik
ratios for these ewo drugs had previously becn performied.

Patients and methods

Subjects investigated

Twenry-five outpatients (17 men and eight women, ggad
47 £ 4 years) were recruited from mild hyperensive
patients referred o our hyperteasion unit, who had
reeently been diagnosed according o Joine National
Committee on Detection, Evaluarion, and Trearment of
High Blood Pressure critgria [7] or were undergoing wnsh-
out from previous medical rrzaement. No paticnts had
previously been subjected o ambularory blood pressure
menitoring. Basal blood pressure values were measuced
in the siwing patients by 2 physician on two occasions
with a l-day incerval becween measurements, using a
merciiry sphygmomanometer according ¢o che récom-
mendations of the American Socieev of Hypercension [8)
The mean values of the two office meusurements of
hlood pressurc were used in the analysis. Paciencs with
1 meun office diastolic blond pressure (DBP) in che mnge
95=-110 mmHg aficr the L-monch runsin ghase were
enreled wnd allocaced raadomly co treacmenc. Systolic
blnod pressure (SBP) ond DBP at cnralinent were
149 £ 12 and 102 = 4 mmHg. respectively. Puticnes were
excluded from the study if they bad angine pectoris, had
recently (within 6 months) had o myoeardial infurceinn,
had had heare faihiee, hud sufferad ecrebrovascular seci-
denes, had dubetes, fad elimcally importanc remal.
hepatie, or hematalogic disorders, had secondan hyper-
tengion, or had hvperkalemis or hypokalemin. Al pacicnrs
guve cheir informed consent © participate in the study

Study design

This study began wich a 2-week, single-blind, placebn
rin-in phasc, and then che doubic-blind treasment phase
was performed according to 3 double eress-aver design.
After o preliminury 1-moath washegur periad (WOD)
patiencs were subjected o two 22 ambulacory Blood
presjute monitorings separaced by g 2-week interval
(WOPL and WOP2) Pacienrs were :hen mandomly
assigned o administration either of 5 mp ramipel or of
10 mg enalapril ar 0800 h. After 4 sweeks of creamment
ambulatary blood pressure monioring wis repeiectl
(reenement A) and the drug discontinued for 1 2-ucek
WOP. Pagienes were then assigned o che other treatsicnt
e an additianal + weeks (creacmcng 3,

Biood pressure monitaring

Rlood pressure monitoring  was  performed
porcalle, aucomatic,  noninvasive device  (Quict-crack,
Weleh-Allyn, New Jomey, USAL which messored and
recorded Dlond pressure and heare mite at programomuble
time intervats (9.00). Pacicos srose Trom bed e D700 L,
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monitaring procedure was srarted ac 0800 h and continued
to 0800 h of the following morning with blood pressurc
measuremenss programmed to occur at 13 min intervals.
During the monitoring duys patiencs performed cheir
usual clencal work in the morning and during the Frst
hours of the afternocon, having lunch becween 1200 and
1300 h, Then subjects pecformed recreational accividies at
home, and had dinner becween 1900 and 2000 h. All phys.
ical activities (sport, physical work. and car driving) werc
avoided, Daytime and nighecime were wken o be
berween 0800 and 2500 h and between 2300 and 0500 h,
raspecrively. Data were automarically ediced. Brieflv, SBP
readings greacer chan 260 mmHg or less chan 70 mmHg,
DBP readings greater chan 130 mmHg or less chan
40 mmHg, end pulse pressure readings greacer than
150 mmHg or less than 20 mmHg were auromacically
discarded.

Caleulation of tha traugh : peak ratio

The trough: peak ratio was calculated for both deugs
{versus WOP2) and for che placebo effect (WOP2 vepsus
WOP!). Fase Fourier transform analyvsis of che raw 24 h
bload pressure data was performed und a smoothed cupve
was then plotted. The Fouricr transformation was based
an complex regression analvsis of the curve, which defined
the high and 'ew spans over time. An order of five was
used co transtorm the ambulatory bloed pressure moni-
torimy daty, so chat tac resulting curve was smooched but
remaincd  mathematically sinvlae to the original one,
which could aid the evaluation of peak and rough acov-
iies [2] (see appendix). The effects of creatments were
culeutated By subcracting hourly viluga from values of
currespanding tmes on the hasehbne cueve (WODPZ). The
eraueh reeponse was timed for che end of the dose incervy!
(immetlincely before the next drug dose). The peak
reaponse was sought in i series of bload pressure measure.
menes acress the dose anterval. The peak effeer was
measured by averaging measurements obtained during a
2 h period wround the dme of masimum net redyction of
blood pressure. Maximum net reduction was degermined
by fase Fouriee transtform analvsiv. The crough : perk ravo
way caleulaced foe guch individua! paticne To culeulare
whether a *placebo’ effecr is dletecmble also for 24 h blood
pressure monitoring, the same caleularion was performied
for differcnees beoween WOPH and WOPR2,

Statistical analysis

Data wre repurted as ncans 2 SD. Changes in ambulagury
Innd pressure monicoring daily curnves were assessed by
muleiviriace analvsis of cariange. Studenc's paired ¢ rest
wits Ligeu o gompare the busclines and treacmene wo-
tatled /2 values werg osed o express the significance of
the teses, Comparisons of erugh : peak values of the two
drugs wore perfurmed by using 3 nonparamerric st
{Wilvoxon xigned-rank cese). All reges weee performed
wsing BNIRY stuoseie]  software (BMDP Stariseicad
Soreware, Los Angeles, California. USA)
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flo. ¢ WOPT (first blood preasure monicoring} the 24 & blood
pressure was 1392 [0 ond 89 + 3 mmHe for SBP and
DBP, respectivaly,

Whea 24 h ambulatery blood pressure monitoring w.z
repeatcd (\YOPZ), 24 h reducrion yn binod pressure was
not significantly changed (136 + S mmMg for SBP and
87 £ 3 mmHg for DBP, NS for both), However, blood
pressure values measured during the 2 h immediately
afeer the application of the instruments were significanty
lower, so that & sort of ‘placabo cffeet’ was detecrable
(Fig. 1) The peak effecc was a decrease bv 1292 2.5 and
. 1 55341 3 mmHg for SBP and DBP, respectively, whereas
Q B 12 18 24 the trough response was sbsent (increases by 0.9 & 0.8 und

HOQURS 0.4z 08 mmHg for SBP and DBP, respecrively). The
resulzing trough : peak raejos for ‘placebo’ were 6.9 = 4.8%

Howtly diferences in blond pressure Setween the ambulatary bigod - "
pressure manitenings snd arrF:bulamry 2loce prewsure manitonngs (range 3-19%) for SBP and 5.7 £ 6.1% (range 0-17%) for

parformed during piacebo (Z1) anc active (@, miprl; O, enalapril) DBP (Tabie 1),

mm Hg

treatments.
After | month of ramipril creatment, 24 b blood pressure

decreused to 129 £ 11 mmHg for SBP (2 < 0.03, versus

! placcho) and to 81 £ 3 mmHg for DBPF (P < 0.001, versuy

Results plagebo), SBP and DBP were significantly redueed both
The percentage of valid readings was alwavs higher chun during daviime and during nighetime (Table 1) The

YU% for all subjeces investigaed and no minre than one srudy of the dutly pacrern of teduction in hlond pressure
imvalid reading hourly was recorded. Ac the end of the  revealed a time o peak of 5.0 £ 1.6 h with a peak response

Tetin 1 Ambulatary blood pressure values at the end of the preliminary wash-eut, siet the 2-
waek placebo perlod, and after the two d-week penods of brestment with ramipril snd

enalapril
wapt woPz Ramipril Erniapnil
{plecaba) irsnlmant trgutman|
Systvic blood prasaurs
24 h [mmHQ) tae %10 136 +19 129214 1azx7
Oaytime (mmg) 14321t 1428 133510 1362 7°
Neghidima {mmHg) 11 412 128620 12310 12529
Beak afiec! (mmHg decraase)
Yersus WOP1 120%+2%8 218%713 287293
Vemua WOP2 13.4 £ 8.1 19 RL98
Tibugh sifec! (mmiHg decrasse] -
Versug WOP DE+0A 92+£38 70433
Versun WO B9t l6 71%33
Teowgh : paak ratio (o)
Versus WOP1 (4B Y| 41 =57 W L0
Vorgus WOP2 L1 R0k wIN
Oiezinle Basd pressurs
241 (mmbgh B34 87 %8 LIET-E PR o
Daytima (mmig) g4 92185 &ty 8px6
Nightima (mmig) 80%8 et 7a 6" TR
Peak effact {mming decrdasa |
Vermas WQOP! 8513 18,7538 18030
Versus WOP2 147242 14228
Trough sffeal (mmirg deercase)
Veraua WOPH 04504 TRERO 4.7 £ 2.1
Vermn WOP2 GA+19 A8+ B
Trough : peak ratio (%)
Versus wWOR LEN Y 8 A2 d 10 3xI12
Vermis WOP2 a7 &1 1! 37z 12
Heart rate (Besls!min)
2eh e %2 1234 #frzn a1 17
Dayvme [LE R 22%18 B a1 213
Nighi-time: 2L tt B8O+ 14 81+ 14 bR

Valugn sre grpraesed o3 maans 2 30, WOP, washoul penod. "< D.0B, "7 < 0.001. wisus placebe: P <003
"2<0.008, verus enslapnl \mssnent.
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of decrcases by 229 7.3 and 16.7 £ 3.4 mmHg for SBP
and DBP, respectively, and a trough response of decreases
by 9.2 2 3.5 mmHg for SBP and by 7.0 = 2.0 mmHg for
DBP. In comparison with the WOPZ. the peak responses
were 194 2 8.1 and 4.7 & 4.2 mmHg for SBP and DBP,
respectively, and the trough responses ware 8.9 £ 3.5 and
6.821.9mmHpg, respectively. The resulcing trough - peak
Facios were 482 11 (range 34-74) for SBP and 47 = 11
(rnge 30-79) for DBPR.

Enalapril trearment caysed o significant reduction in blood
pressure both for the 24 h values (132« 7 mmHg for SBP
and 84 £ 5 mmHg for DBP, 2 < (.05, versus plucebo for
betk) and for the daviime and night-time values (Tuble
1). The maximal reduction in blood pressure ocourred
5.0 = 2.0 h afrer dosing with peak reductions of 237 2 9.3
and 16.0 £ 3.9 mmHg for SBP and DBP, respectivety,
and o trough response of decreases bv 7.0 =35 and
47221 mmHg for 8BP ard DBP, respectively. In
cemparison  with WOP2 the pesk reductions were
19.6 2 9.8 mmHg for SBP and 14.2 4 4.8 mmHg far DBP
with trough responses of 71 2 3.3 and 4.9 < 1.3 mmHg,
respectivelv. Trough : peak ratos were significancly lawer
than values caleulared during ramipril sreatment wich
38+ 1% (range 21-67%) for SBP (P<0.003, versus
ramipril treatmene by Vilcoxon signed-rank cest) and
37 12% (range 21-68%) for SOP (P <005 versis
ramipeil tecacment),

Discussion

The preseat findings show thar ramiprit and santapril are
similarly effective in reducing the 24 h blood pressure bue
their antihvpercensive affeces have different duricinns,
ramipril presencing a trongh : peuk ratio stightly bue signif.
icantly berer chan che enatapril one. Presenc findings
canfirm also previous observations of an alercing rengtian
to ambulatory bload pressure monitoring which has to be
considered when caleulating che placebe cffect (1 1,12).

Aceording to the Food and Drug Adminiscrarion recom-
mendations an angihypertensive drug should have an
¢ffect ac trough of ur least half of the peank effect
(trough - peak racio > 30%). A very large ramge of values
(30-90%) has been quored noc only for different drugs
but slso for the sune angiotensin converting enzvme
inhiliror [13,14). The dispanity of trough : peuk racio
vilues for an individual angiotensin converting enzyme
inhibitgr in previeus studics might reflect 2 bias in the
assessment of one or mare of five fuctars, numely placcho
cffeer, cireadian variabiliey, seandurdized conditions, indi-
vidual calevlacions. and multiple blood pressure reudings,

A peine thar is often disrearded is the placehbo effect,
which does ane significantly affece the 24 b mean blood
pressure bie s particalarle evident during the Frsc fow
bours of the frse ambubarory blood pressure monieering
period. such diat ie eould mimic the elffeer of a mild, shost-
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lasting, hvpotensive treatment [11,12]. An sccurace gssess.
ment of che pincebo effect and irs subrrucrion feam
the peak effeer is necessary (o carrectly ealculace the
trough : peak ratio [11,12]. A seeond point thac should be
cansidered in the assessment of rime response of blood
Pressure to treacment is daily changes in blood pressure,
[n faer, bload pressure readings are usually higher, espe.
cially for mild hypertensives, during hours of activity
rather than during slcep. Thus, because blosd pressute
continuously changes during the dav, the buseline value
to caleulare penk blnod-pressurc-lmvcring effect of a drug
administered during tha moraing should not be consid-
ered the value measured before drug administracian buc
rather ought t0 be dynamically considered in terms of
values obuined for the same hours on a separate dav
during administration of placebo [15]. Furthermore, 24 h
bload pressure meoniworing has e be performed upder
standardized conditions o stwdy drug efficaey indepen-
dently from background factars, suek as physieal accivi-
ties, mental stress, and mesitimes, which may modify the
duily blood pressuce cune regardless of drug creatment.
The fourth poinc is the need o caleulate the trough | peak
ftio on an individua! basis, not enlv o whow the full
range of wulues to be invesrigated bur wlso becuuse
rough : peak values calculaced from individual 24 h
curtes are usually Jower chan those ealewtared Fram the
mean of curves of different patiencs. The use of mean
values, instead of individual dara, could lexd  under-
estimation of the peak effeet, wich fansequent overestim-
ation of trough : peak rarios [16). Finally, the use of
multiple blned pressure teadings is essencial o encrecely
define the shape ¢f dailv bload pressure ecurves aad the
times to peuk effeee {12).

in the present study we tricd o avoid ull these biases by
performing ambulacory blood pressure monicoring upder
coatralled conditions with parients svoiding physical
aetivities in urder to exclude eircudian varighilicy, and we
excluded the pluceba cffece of repeured wmbulazery biood
pressure monitoring by peefarming a prefiminany ambu-
latary blood pressure menitering sessian,

The use of fasc Fourier cransformation o smoeta che
smbulutory blood pressire monitoring curve allowed o
bereer evaluation of the peak antihypercensive effece [2).

The sclected fixex once-duily dosuge was chosen on the
busis of repares from previous scudies rhae administrucions
of 5=10 mg ramipril and 10~20 mg enalapri! had come
parable anthyperiensive cffencies (17). The ranges of
srough @ peak rarin values obsarved in the present soody
for mamipril (30~79%) un emalupril (21-68%) are in the
lswer range of vilues recommended by the Food and
Deug Adminiscration gindelines, such as have usiallv
heen reparted also for agher angistensin conversing
enzyme inhibicurs that naually prodice 9 fow trovgh : peak
ritio when they aee sdministered onee athuy [1306] In
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conclusion, a similar reducnion in blood pressure was
obrained with boch agents bur, salchough scacistical
comparison of trough : peak ratios berween differenc drugs
is unusual [18), ramipril presented a trough * pesk ratio
slightly becer than che enalapril one,
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Appendix

Spectral anualyvsis is cmploved to discriminate and eval-
udte difference frequencics otherwise not immedintely
recognizable inside u signal, [t basically consists in trans-
forming a signal originated in the time domain, s(o) wa
signal, 3(D. thar is o funcrion of a new varfabic 1nd vice
versa aocording o the relocions

S{(H = s(cyexp (-j2fr) de (1)
5(ty = #5(0) exp (~j2f1) df (2

51} represcnts the Fourier transform of the signnl s(t),
tis cime, and j is square rooc of 1. Relation {2) in purtiv-
ular allews dirzct interpretation of the significance of 5(f)
to be performed, Here s(r) is in fact represenced as being
coastiruced by the summation of infinite oscillutions,
5(M exp (=j2f0), cach with its own praper frequeney f and
aimplicude S(f). The knowledge of S(f. which can be
caleuiated through the relation (1), cherefore correspons
to the knowledge of the steength of each frequency
componenc into which Tthe signal can be decomposcd.
Specrral analvsis thus allows periadicities thar are noe
immcdiately evident in time domain to be recognized in
che frequency domain. When the input signal s{c} is
Knaswn juse at cquispeccd eime instanss ke the relacion
{1 can be wricten in discrete form is

S(n 0 = s{kt) expl=j2kenh (»

The computer ealeulation of this formula then embraiis
nne into considering the signal s(o) during a finite poriud
of duration T. For thac reason, Ne T/ sumiples of s(t) are
available w perform the Fouricr cransform, and in che fre-
quency daminfon N values of the corresponding speveral
analysis S{f) arc cquispaced in the runge of =F, where the
sample frequency I it cqual to i/t The frequeney resols
ution [ iy given by the inverse of the signal lengeh T

P FYN = 1AND = 1/T

In ather cerms this means chat tvo frequency companenes
of §{t) can not be discinguished if they are closer chan
I/T to onc another. The cancribution to che speceeal distri
bucion of ull the frequencies included betwgen owo
consceutive multiplies of [ ix represenced in corsespone-
dence of the two frequencies themselves. For example in
the ¢ases repored in prosent paper the blood pressure
of each subject was menstired over a 24 h period. Corres-
pondingly, spectral sumples were obtained spaced (1/24) Iy
apare. Firxe sample (n=0), A{0), gives o measyre of che
sianal spectral eoncent e O frequeney (i.e. of the signal's
mean value over the considercd time period). The nexe
sample (n = 1) A(1) is peoportronal te the signal compn-
nenc with a perindiciey of | dny (24 h) Te thus zives o
masure of dhe weighe of the penudiaey of | day sl
similarly co chut, of how the derected presspee values
evolve during the observicien period. In the present paper
the curve was ruploted uging the Arst fve harmonics,




